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HIGHLIGHT SUMMARY
Large diameter drilled piers discretely placed so
that some clear space exists between the piers can take
advantage of the arching action of the soil to form a con-
tinuous barrier. The drilled piers improve the stability
of the slope in two ways: by transmission of the driving
stresses to more stable foundation layers, and by redis-
tribution of the stress patterns in the slope.
A three dimensional model for slopes stabilized by
drilled piers has been developed for this study. This
model includes provisions for mesh generation, finite ele-
ment analysis and stability analysis. The finite element
analysis involves nonlinear soil behavior, construction
sequences and remolded surfaces around the piers. A two
dimensional, limiting equilibrium analysis uses the stress
field output from the finite element model to estimate the
factor of safety of the slope.
A number of cases are explored to give insight into
the slope/pier interaction mechanisms, and to evaluate the
efficiency of the piers as retaining structures. Several
conditions have been considered during the course of this
XX
study: surcharge loading, excavation, cuts lope and self
weigh t loading.
The soil arching was found to provide an effective
barrier against soil movement even though the piers do not
form a continuous wall. The piers added lateral support
to a stresses slope as has been the commonly used situa-
tion of these piers in practice. However, a significant
amount of soil support was also found to be provided in
clay soils by the vertical support of the piers. Previous
studies have found the piers to be ineffective if allowed
to rotate. This study examines cases of piers firmly
socketted in bedrock or stiff foundation materials. Other
constraints, such as tiebacks and caps, which ease the
structural demands on the piers, can also be modelled. In
general, the effectiveness of the piers increases for
increased pier stiffness, increased pier diameter and
decreased pier spacing. The position of the piers in the
slope can be related to the failure mode with a trade-off
between overall stability and volume of the slide. In
general, the optimum position of the piers is at the point
of maximum displacement for the unreinforced case.
CHAPTER 1: INTRODUCTION
During the past two decades innovative soil rein-
forcement techniques, such as reinforced earth, stone
columns, soil anchors and cas t-in-place piers have been
developed to solve many slope stability problems. These
techniques, when compared to the more traditional building
of berms and/or dewatering, can provide cost-effective
solutions for a variety of situations. In Sweden, bat-
tered timber piles are used to increase the slope stabil-
ity in very soft clays (figure 1.1). The angle of the
piles allows them to act partially in compression rather
than relying totally on their shear strength. Steel pipe
piles have been used for the same purpose in Japan (Tani-
guchi, 1967). Large diameter cas t-in-place reinforced
concrete piers have been used to stabilize active
landslide areas in stiff clays and shales through dowel
action (Merriam, 1960; Andrews and Klasell, 1964; Bulley,
1965; Gould, 1970; Offenberger, 1981; Mathis, 1981; De
Paepe and Wallays, 1984; Leadbeater, 1985; Gudehus and
Schwarz, 1985). The diameters of these piers can be as
large as 1.5 meters (figure 1.2). These piers have often
been used side by side to form a continuous wall. The





















































































advantage of the soil strengthened by small diameter
drilled piles to form a barrier against further movement
or stress transfer downslope (Dash and Jovino, 1980).
Stone columns (figure 1.4), although relatively new within
the United States, have been proven to be quite effective
in Europe (Goughnour and DiMaggio, 1978; Barksdale and
Bachus, 1983; Bachus and Barksdale, 1985). The stone
columns are positioned to take advantage of their high
shear strength across the failure surface as well as their
high modulus of elasticity to transfer vertical loads
directly to the more stable foundation layers below.
Large diameter drilled piers discretely placed so
that some clear space exists between the piers can take
advantage of many of the strong points of the techniques
described above. The piers have the advantage of being
installed quickly while not requiring large excavations
which would create an extra load on a slope sometimes
already distressed. This makes drilled piers an ideal
remedial measure to slow or halt the progress of failing
slopes (Mathis, 1981). A second advantage of not requir-
ing large excavations is to preserve the in-situ strength
of the soil when strain softening may occur. The piers
are able to improve the shearing resistance across exist-
ing failure surfaces as can be achieved with drilled pier
walls. However, by proper positioning, the piers can also





































foundation as can be done with stone columns and inclined
timber piles. Greater efficiency can be achieved in the
vertical mode by discrete placement of the piers, rather
than continuous placement, by increasing the surface area
which interacts with the soil. Cost savings also result
because of the reduced number of piers which are required.
The lateral effectiveness is not sacrificed because the
piers rely upon soil arching, as would root piles, to form
a continuous barrier.
Analysis techniques have been developed to predict
the forces against the piers when used as reinforcement in
slopes (Poulos, 1973; Ito and Matsui, 1975; Baguelin, et
al., 1976; Viggiani, 1981; Winter, et al., 1983; De Paepe
and Wallays, 1984; Gudehus and Schwarz, 1985). The tech-
nique developed by Ito and Matsui (1975) was incorporated
in a limiting equilibrium solution by Hassiotis (1984).
While these techniques are sufficient to design the rein-
forcing system for lateral loads, they can not model the
behavior of the slope itself. Loading under the complex
boundary conditions of a slope stabilized by drilled piers
will dramatically alter the stress field in the slope. An
application of the finite element method is proposed
herein to improve the analysis of this problem.
This study will develop a three dimensional finite
element model for slopes stabilized by drilled piers which
are socketed in bedrock. The model will include quadratic
strain soil elements which are capable of modelling the
curved surfaces of the piers. Cubic strain one dimen-
sional spar elements will model the piers. A hyperbolic
stress-strain relationship will be used to model the soil.
The program will be able to model construction sequences,
the interaction between the piers and soil, weak seams in
the soil profile, and remolded areas around the piers.
The primary output of the program will be displacement,
strain and stress fields. The stresses will be used in a
post processing analysis to estimate the factor of safety
of the slope.
CHAPTER 2: REVIEW OF CASE STUDIES
Introduction
A complete review of analysis techniques to predict
the lateral load against drilled piers to stabilize slopes
was conducted by Hassiotis (1984). Hence, the purpose of
this chapter is to update the review by Hassiotis (1984)
with regard to case studies and numerical modelling of
drilled piers used to reinforce slopes. The models
reviewed will be either physical or numerical in nature.
Physical Modelling
Physical models include scale modelling and observa-
tions of actual cases.
Scale Modelling
To check the validity of their theoretical derivation
of the lateral pressures on passive piles in a row, Matsui
et al. (1982) used scale modelling. An apparatus using
air pistons pushed a block of soil through a row of model
piles. In general, their theory was satisfactory in
predicting lateral loads over a wide variety of cases.
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However, this modelling is not exactly applicable to real
slopes since the soil was pushed perpendicularly to the
piles. A more realistic model must allow for both the
vertical and rotational movements of the failing mass.
These are the factors which will have a significant effect
on the stresses along a potential failure surface and must
be accounted for when analyzing the stability of the
slope.
Observations of Actual Cases
Several case histories of attempts to stabilize
slopes using drilled piers, successful and unsuccessful,
can be found in the literature.
1) Portuguese Bend Landslide , Palos Verde Hills , Cal-
ifornia (Merriam, 1960). An attempt was made to stop a
300 to 400 acre sliding landmass. The vertical relief of
the sliding mass was about 1000 feet with a maximum length
of about 6000 feet. Horizontal movements as large as 68
feet were measured at some points. Twenty-five 4 foot
diameter, 20 feet long precast caissons, were placed at
discrete points (not in a row) along the toe of the slide.
The piers were designed such that the lower 10 feet were
in a stationary shale formation. The caissons did not
provide any measurable effect on the movement of the land-
mass even though, in some cases, twice the design lateral
force developed against the piers. The soil mass flowed
1
1
around the piers, eventually tilting or shearing them off
at the failure surface.
2) U.S_. 421 , Harlan Kentucky (Mathis, 1981).
Drilled piers constructed of railroad rails and gravel
backfill placed on 4 foot centers in 2 staggered rows,
were used as a temporary measure to slow landslide move-
ment until permanent corrective measures could be imple-
mented. The temporary measures were to prevent the break-
age of a 10 inch water line which supplied a hospital.
The slide was shallow and approximately 200 feet long.
The piers where used primarily as lateral supports near
the middle of the profile of the sliding mass. No moni-
toring systems were installed during the period when the
piers held the slope, however, the support was viewed as
successful. The temporary measures supported the slope
for about three weeks.
_3) Snake Pass remedial work (Leadbeater, 1985).
Drilled piers were used as a remedial measure to stabilize
a long term landslide which threatened to close a 120
meter section of Road A57 (Snake Pass), the principal
route between Manchester and Sheffield, England. The
piers were used at the top of a 50 meter block slide to
absorb stresses in the vertical and lateral directions.
The support consisted of 1.2 meter diameter piers with a
center to center distance of 2.0 meters. Two staggered
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pier rows were used with a 1.2 meter distance between the
centers of each row. The staggered formation was used so
that a cap slab could be placed over the piers. The slab
could develop some moment, thus reducing the structural
demands on the piers. This system was completed by the
Spring of 1981 and has not developed any problem since
then.
4) Oudenberg Hill , Geraardsbergen , Belgium (De Paepe
and Wallays, 1984). In order to repair a slumped portion
of roadway and stabilize a distressed slope, drilled piers
served two purposes. First, to support a viaduct so that
fill material would not be needed to bring the embankment
up to its original level, thus adding weight to the fail-
ing slope. Second, to act as "nails" to stabilize the
slope. The sliding area consisted of two primary slip
surfaces, totaling 135 meters in length. The piers were
placed at the top of the upper surface, absorbing both
vertical and lateral stresses. Three rows of piers spaced
4.3 meters apart consisting of 1.5 meter diameter piers
were used to support the viaduct which reestablished
traffic. The piers also successfully stopped any addi-
tional slope movement.
_5) Dautemheim (Gudehus and Schwaz , 1985). An 8
meter high fill was stabilized after showing creep move-
ment as high as 0.1 to 0.15 cm/day over several years.
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Two staggered rows of piers, 3 meters apart, 1.5 meters in
diameter, with a spacing of 7.6 meters were used to sta-
bilize a sliding mass approximately 40 meters in cross
sectional length. The piers were placed in the middle of
the slip surface, absorbing primarily lateral loads. No
measurable movement occurred over the following few months
while observations continued.
6) Unspecified Railway Cut (Gudehus and Schwaz
,
1985). A large scale field testing program was conducted
while stabilizing a 100 year old cut in stiff fissured
clay. Two rows of 0.4 meter piers reduced the movement
from 4.7 mm/month to 1.3 mm/month. The slide was a block
type approximately 45 meters in length and 7 meters deep.
No information was gathered regarding the long term per-
formance of the piers due to the termination of funding.
Also tested on an experimental basis were predrilled
grouted piers made of steel pipe casings of 1.5 and 2.0
foot diameters sealed with a mixture of cement and silica,
Several test patterns were tried in 10 meter by 10 meter
plots. All patterns initially reduced the movement with
the denser patterns and bigger piers working better, but




Numerical modelling provides an opportunity to study
a great number of cases. The problem of discretely placed
piers is clearly one involving three dimensional effects,
however, two dimensional approximations can be made which
are quite useful.
Two Dimensional Model
Rowe and Poulos (1979) developed a two dimensional
model which approximates the three dimensional problem by
making allowances for the soil "flowing through" the row
of piers. Separate solution routines were used to
analysis the movements in the soil and displacement of the
piers. The study dealt primarily with the effect of the
slope movement on the piers. A limited parametric study
was conducted for three rows of piers, spaced 2.0 meters
apart with 0.5 and 1.0 meter diameters, placed at the
crest of a small slope. The conclusions were:
1) Improvement of slope deformation and stability
increases very slowly with increasing pier
stiffness. It may be necessary to use very
rigid piers.
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2) Effectiveness is enhanced by restraining the pier
tip. However, this combined with increased
stiffness of the piers, drastically increases
the bending moments in the piers.
3) Increasing soil stiffness and strength with depth
has a positive effect on reducing the moments
in the piers.
Three Dimensional Model
Oakland and Chameau (1984) conducted a finite element
study of drilled piers used for slope stabilization in the
case of a surcharge loading at the embankment crest.
Three dimensional finite elements (eight node, linear
strain) were used to model the soil movement around the
piers. The loading scheme used was a surcharge loading at
the embankment crest. The piers were modelled as rec-
tangular columns. In this study, surface displacements
were evaluated for a variety of cases using different pier
variables of position, spacing, size and stiffness. The
conclusions were:
1) To be most effective the position
of the piers should be at the location
of the maximum potential movement
(identified in the case without a pier).
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2) Both increasing the diameter and reducing
the spacing of the piers have similar effects
in reducing the surface displacements.
3) The effect of increasing the stiffness of the
pier is to uniformly decrease the displacements
over the entire profile.
This simplified model (i.e. rectangular piers, no
slip elements, linear soil model, etc.) was used to estab-
lish a rough estimate of the feasability of a drilled pier
reinforcing system. In reevaluating the results of this
pilot study, it can be seen that many of the later conclu-
sions were evident then, such as the effects of the verti-
cal support of the piers. A redrafted version of this
paper is given in the Appendix of this study.
17
CHAPTER 3: SOIL MODELLING
Part
J_:
Cons t i tut ive Relat ions
Int roduct ion
Three sets of equations must be met when relating
loads to displacements (figure 3.1): first the loads must
be transformed into stresses, then the stresses related to
strains, and finally, the strains are transformed into
displacements. The respective equations involved are:
1) Equations of equilibrium
2) Compatibility of strains and displacements
3) Material constitutive equations
The first two sets of equations can be formulated by
a numerical technique such as the finite element method.
The accuracy of their solution can usually be improved by
increasing the number of integration points, the order of
elements, or the number of elements. For geotechnical
problems, it is usually the third set of equations, the























































The multiphase nature of soils, consisting of solids,
water and air, as well as often being highly inhomogeneous
and anisotropic, creates difficulty in predicting their
stress-strain curves. Some of the major variables are
mi ne rologica 1 composition, void ratio, stress level,
stress or strain history, temperature, time, and degree of
saturation (Leonards et al, 1982, pg 8). Since each fac-
tor is complex in itself, writing a universal equation is
virtually impossible. To keep the model within practical-
ity and testing capability, many simplified models have
been developed based on phenomenologi cal observations.
These are models which try to duplicate observed behavior,
but are not necessarily based on the fundamentals of soil
me chani cs
.
The constitutive equations commonly used in geotechn-
ical engineering can be divided into three main cata-
gories: elastic solutions, plastic solutions and variable
modulus solutions. A material is elastic if upon release
of applied stresses it returns to its original size and
shape (Chen and Saleeb, 1982, pg . 147). Elastic behavior
is reversible and path independent, i.e. memoryless.
Plastic behavior on the other hand is generally not rever-
sible, i.e. permanent strains exist after unloading.
Finally, variable modulus techniques offer "hybrid" solu-
tions between elastic and plastic models. The equations
on which they are based are elastic in origin, however,
20
different functions are used in loading and unloading so
that permanent deformations can be modelled.
This chapter will present a variety of soil models
and implementation schemes which will be considered for
use in the finite element program developed for this
study. The specific models discussed in this chapter
could be interchanged with the models which are used in
the finite element program with relative ease. While
plasticity models are conceptually superior, the computa-
tional effort needed to utilize them combined with the
effort necessary to create the three dimensional model was
beyond the scope of this study. Furthermore, one of the
requirements of the research project was to select parame-
ters and approaches which can be implemented efficiently
by the sponsoring agency. For these reasons plasticity
models are not considered in this chapter.
Elastic Solutions
Tabular Form
Tabulating the stress-strain data is a non-
mathematical way of expressing constitutive relationships,
and although it is not unique to elastic solutions, the
tabular format is able to represent elastic behavior. The
curves are input as data points into computer memory and
21
soil parameters are found by interpolation and numerical
differentiation (Clough and Woodward, 1967; Girijavalla-
bahan and Reese, 1968; Desai, 1968). As long as enough
data points are stored, the deformations can be modelled
accurately. The model will follow the test curve to any
degree desired, including odd dips and bends. The main
shortcoming of this approach is the impossibility of
predicting soil behavior, i.e. each soil must be fully
tested under the conditions expected in the analysis.
Other disadvantages include the amount of required com-




A Cauchy material has no stress or strain behavior
dependency on the stress or strain histories followed to
reach the current state of stress or strain (e.g.,
Eringen, 1962; Malvern, 1969). Stresses are a unique







where: C Jtl , = fourth-order tensor,ijkl
ij
second order tensor of stresses, and
e, , = second order tensor of strains,
kl
As indicated above, this relation indicates a behavior
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which is both reversible and path independent. Reversi-
bility is following the same path in loading and unloading
(figure 3.2a). There is no hysteresis or plastic strain.
Path independence implies that whichever strain path is
followed, the final state of stress in the material
depends only on the final state of strain (figure 3.2b).
The Cauchy elastic model is very attractive because
of its simplicity. It is usually only a matter of finding
a mathematical function which approximates the actual
stress-strain behavior. Many of these functions have been
proposed and a few are mentioned below.
Linear Models
The most simple constitutive relation is the linear
elastic Cauchy model. For a linear material, the C. A , ,J
i jkl
tensor is composed of 81 constants, but if complete iso-
tropy is assumed the number of constants is reduced to 2.
Any of the sets of two independent constants given in
table 3.1 can be used in the formulation. For example,
the modulus of elasticity and Poisson's ratio are often
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Classically, it has been assumed that many materials
display linear behavior when stressed below the yield
point. This is probably more valid for metals than soils,
but is commonly used in the latter for simplicity. Typi-
cal geotechnical materials are, however, often stressed
beyond the yield point where they become highly nonlinear.
The program "SPILES" includes an option to utilize linear
elastic behavior.
Nonlinear Models
Nonlinear models are often referred to as functional
relationships because they assume a mathematical function
to express the nonlinear stress-strain relationships. A
number of functions are commonly used, such as: hyper-
bolic, parabolic, interpolation, spline, and others.
Hyperbolic Relationships . Kondner (1963) showed that the
stress-strain curve of a number of soils could be ade-
quately represented by a hyperbola. This function is con-
venient because the parameters in the hyperbolic equation
have physical significance, and they can be easily deter-
mined from test data by transforming the equation into a
linear relationship. Several forms of this model are used
in pract ice .
Duncan-Chang Model. The most widely used hyperbolic
relationship is the model developed by Duncan and Chang
26
(1970). Following the approach of Kondner, the stress-
strain relation can be expressed as:
°l-°3
= 71 1 3.3




V + ( Wult" 1
de vi at or stress,
ultimate deviator stress,
maximum principal strain, and
initial modulus of elasticity
The hyperbolic relation is plotted in figures 3.3a and
3.3b in the original and transformed (linear) versions,
respectively. Note that the values of E and (o -o„)
have physical interpretation as well as being parameters
in the hyperbolic equation; they can be obtained from
laboratory experiments on representative soil samples.
Janbu (1963) found that the initial modulus of elas-
ticity is dependent on the confining pressure for all but
totally saturated soils. In general, the modulus
increases proportionally with confining pressure




where: E - initial modulus of elasticity,
3.4
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P = atmospheric pressure,
a
a = minor principal stress, and
K , n = constants .
To account for strain softening effects after the
yield point, (a -a.) . „ , is related to the confiningj r ' 1 3 ult
stress by the Mohr-Coulomb strength equation through the
value of ( ,~ a -j) at failure. That is, a failure point is
chosen below the ultimate strength as a ratio of the ulti-
mate strength. The relationship is:
(VVf = WVmt 3.5




Typical values of R, range from 0.5 to 0.9.
The Mohr-Coulomb equation can be expressed as
(<V° 3 )f
2c cosf + 2 o_ s in
<J>
1 - sin 4>
3.6
where: c cohesion, and
<#> = friction angle.
The tangent modulus of elasticity, E , is obtained by
taking the derivative of the stress-strain relation (equa-
tion 3.3), and substituting equations 3.4, 3.5, and 3.6:
R
f
(l-sin <|>)(o -a ) a
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This is the nonlinear soil modelling option provided in
the program "SPILES".
Another complication in the modelling of soils is
nonlinear volume change characteristics (figure 3.4).
Kulhawy et al. (1969) approached this problem in a similar
manner to the Duncan-Chang approach of the nonlinear
modulus of elasticity. It is assumed that the volume
change curves also have a hyperbolic shape and that the
initial Poisson's ratio is a function of confining pres-
sure. The tangent Poisson's ratio, v , can be obtained
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where: D, F, G = constants
Typical values of the parameters required for the determi-
nation of E and v are given in Wong and Duncan (1974).
The program developed for this study has an option to
include a variable Poisson's ratio as specified above in
addition to using the variable modulus of elasticity.
Modified Duncan Model. In a parallel approach to account
for nonlinear volume change, Duncan, et al. (1978) pro-
posed using a tangent bulk modulus which depends only on








Figure 3.4: Nonlinear Volume Change Characteristics
of Soils (Fron Duncan, 1980)
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confining pressure as follows
K = K,P (o_/P )
t b a 3 a
in
3.9
where: K = bulk modulus, and
K, ,m = constants,
b
Typical values of the parameters required for the determi-
nation of E and v are given in table 3.2.
In this alternate formulation of the hyperbolic
model, E and v are replaced by E and K . A numerical
problem arises, however, when values of the bulk modulus
approaches a value which corresponds to the Poisson's
ratio approaching zero. Similarly, it is possible for the
tangent bulk modulus to correspond to a Poisson's ratio
exceeding 0.50. Limits must be placed on the range of the
bulk modulus to prevent this.
Extended Hardin Model. Another commonly used model based
on hyperbolic relationships is the Hardin model (Hardin,
1970; Hardin and Drnevich, 1972). This model was origi-
nally developed for soil dynamics problems to relate shear
strains to earthquake loading, but it can be used for
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maximum shear strain, and






To account for nonlinear volume changes, Katona, et
al. (1976) extended Hardin's work to develop a nonlinear
Poisson's ratio function as a hyperbolic curve.
ygmax














Poisson's ratio at zero strain,
Poisson's ratio at failure, and
cons t ant .
These two equations form the Extended Hardin model
Higher Order Mathematical Funct ions . Higher order
mathematical functions provide a more versatile model to
follow the actual stress-strain curve more accurately.
The disadvantage is that more parameters are required to
define the model. Some of these models are summarized in
the following.
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Ramberg-Osgood Model. The higher order curve in this
model (Ramberg and Osgood, 1943; Jennings, 1964; Idriss et
al., 1978). is the following three parameter function
(figure 3.5):
if ^> P 3.12
with





whe re initial modulus of elasticity,
stress corresponding to the intersection of
the stress-strain curve with the line mE , and
m, p - constants,
Richard and Abbott Model. A similar three parameter model
proposed by Richard and Abbott (Richard, 1961; Richard and




















initial modulus of elasticity,
plastic modulus of elasticity,
yield stress,
constant which can account for confining
pressure and stress path by iteration
scheme (Desai and Wu , 1976)
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Figure 3.5: Ramberg-Osgood Model
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This model reduces to the hyperbolic form for E =0 and
p-1. Because the strain variable is present in both the
denominator and numerator of the first term, this model
can exhibit strain softening, whi^e the Ramberg-Osgood
mode 1 can not
.
Spline Functions. Generally, the known conditions to
define spline functions are the location and slope of the
line at each point (figure 3.6). If a separate curve is
used to connect each pair of sequential points, then the
curve must be of cubic order to satisfy the four boundary
conditions. The entire curve is continuous with respect
to the first two derivatives. The third derivative, the
rate of change of curvature, is discontinuous. Higher
order splines could be used to connect points, but the
cubic spline is usually satisfactory for engineering pur-
poses. The detail of the overall curve can be improved by
using more points.
Desai (1971) proposed the use of a cubic spline func-
tion to model the stress-strain behavior of soils because
of its increased flexibility over the hyperbolic function.
It provides a better model, especially in the initial part
of the curve. Singh and Sandler (1975) proposed a func-











































= strain at ith point,
e - strain ,
o * stress, and
= cons t ant s .

















a = stress at ith point.
The derivative of the spline which is the tangent modulus













Cauchy type elastic materials can generate energy
under certain loading-unloading cycles (Chen and Saleeb,
1982, pg. 148). This is a violation of the laws of ther-
modynamics. For this reason hyperelastic models are some-
t imes used .
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Hyperelastic models, sometimes referred to as Green
elastic models (e.g., Feng, 1965; Eringen, 1962; Green and
Zerna, 1954; and Malvern, 1969), ensure that no energy is
generated in the load-unload cycle. The stress-strain










The strain energy density function, W, and the complemen-
tary energy density function, ft, are represented in figure
3.7. For the linear case:





W = ft = 1/2 oljElj
strain energy density function,
complimentary energy density function,




For the nonlinear case, where the density function is
dependent on strain (or stress) level, the equations can
be written in terms of the three strain or stress invari-
ants. These invariants can be in terms of total or effec-
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Figure 3.7: Strain and Complementary Energy
Density Functions
u\
If the effective stress invariants are used:
J. = o*
1 kk
J, = 1/2 or* o*.
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J„ = 1/3 a' o' o'
3 km kn mn
then the constitutive law in terms of the complementary
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complementary energy density function,
effective stresses, and
strains.
Again, this model is reversible and path independent
This means it can not account for stress history. Unlike
the Cauchy model, however, this model can account for
dilation (volume change under pure shear).
Ko and Masson (1976) suggested using a third order
hyperelastic model developed by Evans and Pister (1966).
The following complementary energy density function is
based on the three effective stress invariants. The third
order function has the form:
a = A + A.J, + 1/2 B.J? + 1/3 B„J^ + B,J,J + B.J.B J +















where: J = effective stress invariants,
n
H = complementary energy function, and
A ,B = constants.
n n
If there is no initial strain, the constitutive relation
is:
E
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cons t ant s
.
The constants B -B are determined by a series of tests.
Odd order relationships are found to be most effi-
cient because they best model shearing in triaxial
compression and extension tests (Saleeb and Chen, 1980 )
Even terms add little to the accuracy for the additional
parameters which must be solved. A third order relation-
ship was used because a fifth order Involved more parame-
ters than could practically be determined.
If the parameters are determined by tests which are
close to the field stress path, then the general hyperelastic
A3
model is satisfactory in all respects including




Saleeb and Chen (1980 ) used the general third order
hyperelastic model to predict the stress-strain relation-
ship of two clays and a sand for several stress paths. In
a critical review of these predictions (Christian, 1980),
it was found that the model does well for the stress paths
similar to those which the parameters where determined
from, but may not be accurate for other cases. The model
seems also to deviate from experimental results near
failure.
Hypoelas tic
The previous two models were total stress models.
Because they are path independent, the final state of
strains could be calculated from the final state of
stress. Hypoelastic models (e.g., Malvern, 1969; and
Truesdell, 1955) are part of a group which are path depen-
dent. The final state of strain is found by applying the
stress state in increments following a specific stress
path.
In its most general form the hypoelastic equations
















stress rat e ,
strains , and
strain ra t e .
The strain and stress rates are not actually functions of
time since time occurs to the same order in all terms and
therefore can be eliminated (Saleeb and Chen, 1980 ). The
parameters then become stress and strain increments.
This model has the advantage of being path dependent.
That is, a different state of strain will result from the
same stress state achieved by separate stress paths. How-
ever, this model is only incrementally reversible. Elas-
ticity is only valid within an increment and it is gen-
erally not possible to retrace the stress path and arrive
at the initial state of strains. Another disadvantage is
that in its most general form, 12 response parameters are
needed to describe the C. ., , constants (Leonards et al.
,
ijkl
1982). These must be obtained from test data and curve
fitting.
Variable Modulus Solutions
Variable modulus models are not in themselves an
independent category, but rather an hybrid form of the
previous models to allow for permanent strains upon
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unloading. This involves using different s t ress -s t rai
n
relations for loading and unloading (or reloading)
behavior
.
A common assumption is that the unloading-reloading
part of the stress-strain curve displays linear elastic
Cauchy properties. The unloading-reloading modulus can be
approximated by the initial modulus. Credibility is given
to this since the rebound portion of a oedometer test
curve is roughly parallel to the virgin portion of the
curve (figure 3.8). At high stresses, however, hysteresis
becomes an important factor and the paths become dis-
tinctly nonlinear (Chen and Saleeb, 1982) (figure 3.9).
The linear elastic assumptions will no longer provide a
very good approximation and stress dependent model may
have to be considered.
Duncan (1980) incorporates a linear elastic approxi-
mation in the Duncan-Chang and Modified Duncan models by
defining an unloading-reloading modulus of elasticity as
(figure 3.8):
E = K P (^•)
ur ur a P
a
3.25
whe re : E
ur
unload-reload modulus of elasticity,








































The Masing criteria (Kavazanjian and Hadj-Hamou,
1980) is also used to model behavior during unloading and
reloading. It states that the unloading-re loading curve
will have the same shape as the virgin loading curve with
the origin centered at the point of stress reversal and a
scaling factor of two applied to the axis. This accounts
for the hysteresis and nonlinearity at higher stresses. A
complete cycle of loading returns to the point of rever-
sal, then loading beyond the reversal strain will continue
along the original virgin loading curve also called the
backbone curve (figure 3.10).
The determination of when unloading or reloading
begins is simple only in the case of uniaxial loading.
For generalized loading conditions, there may be loading
in one direction while unloading in the others, and the
definition of loading may also depend on the coordinate
system. In this case, the loading conditions and unload-
ing criterion need to be expressed in terms of stress
invariants. A discussion of this approach was given by
Chen and Saleeb (1982). As indicated by these authors,
this leads to the loading function in the theory of plas-
ticity. A simplified technique may be to monitor the
modulus of elasticity, and a decrease in the modulus from
the last increment indicates further loading. If, how-
ever, the modulus attempts to increase in value, indicat-
ing a condition of unloading, the unloading-re loading
49
Figure 3.10: Masing Criteria
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modulus can be used to simulate the near elastic behavior
of this state. If, during a later increment, the modulus,
as indicated by the model, decreases below the lowest pre-
vious value, the soil is beyond the reloading state and
the modulus indicated by the model can again be used.
This is the procedure used in the program "SPILES". The
unloading-re loading modulus is approximated by the initial
modulus of the soil. The approach used in this study is
consistent with the approach followed by Duncan (1980).
Part II : Implement at ion
Int roduct ion
Most finite element procedures are based on the solu-
tion of linear equations. Hence, special allowances have
to be made to model nonlinear stress-strain behavior.
Four techniques are often used: linear approximations,
iterative, incremental, and mixed procedures.
Linear Approximations
These methods use only one set of moduli to compute
the displacements under the total load applied to the sys-
tem. No adjustment is made for error.
The most popular method is simply to use the initial
moduli, that is, the moduli which exist before the load is
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applied. Thus, the calculated values of strain will be
less, i.e. unconservat i ve , than the real values (figure
3.11).
To obtain conservative values, some investigators
have used the moduli which exist at the final or loaded
stage. Then, the calculated strains, as shown in figure
3.11, will be greater than the real strains. This method
involves either estimating the final stresses before
starting, or performing an additional increment (with
assumed moduli) to establish them.
To reduce the errors, a third method establishes the
moduli between the initial and final moduli. Additional
increments are needed to establish the moduli. Often a
modulus is chosen at some percentage of the final stress.
The Runge-Kutta method uses the moduli at 50% of the
stress difference. Although these methods will be more
accurate, it is unknown if the solution is conservative or
not .
These methods have the advantage of being simple and
computationally efficient. They are best for stress-
strain curves which are close to being linear. With


















Figure 3.11: Linear Approximations
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Iterative Methods
Iterative methods have the advantage of being able to
converge towards the exact solution to any desired degree
of accuracy. They can be divided into the constant and
variable moduli approaches.
Constant Modul i Approach
These methods use only one set of moduli so that the
total stiffness matrix is constructed only once. The most
common method is the equivalent load method, often imple-
mented as follows:
1. Assemble the total stiffness matrix using the initial
moduli .
2. Compute the corresponding displacements.
3. Using the strains in each element, calculate the
corresponding stresses from the constitutive rela-
t ionship .
A. Integrate over each element to convert the stresses
into nodal loads.
5. Consider these loads and corresponding stresses (Ao
in figure 3.12) as the portion of the total load vec-
tor under equilibrium, and subtract them from the











Figure 3.12: Constant Moduli Iterative Approach
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corresponding stresses (t in figure 3.12) not in
equilibrium .
6. Reapply the portion of the load not in equilibrium
and repeat the procedure while making a summation of
the corresponding displacements and strains (Ae in
figure 3.12).
Several criteria have been suggested to monitor the con-
vergence of this process. Naylor et . al . (1982) recom-
mended the use of the square root of the sum of the
squares of the errors:
i> = x U 2\|*i + 2 + + +. 3.26
where: <J». = error in strain for the ith degree of freedom,
n = number of degrees of freedom.
The process is stopped when ty falls below a specified
level
.
An acceleration factor can be introduced to achieve
convergence in fewer iterations. It is applied as a mul-
tiplier greater than 1.0 to the portion of the load which
is not in equilibrium. In some cases, however, these mul-
tipliers will cause the load to go beyond its asymptotic
value and numerical instabilities can occur.
A similar method uses the "correct" and "non-correct"
portions of strain rather than stress to converge on the
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correct solution. This latter technique is not always
numerically stable.
Variable Modul i Approach
Convergence can often be achieved in fewer steps if
the moduli can vary and the total stiffness matrix is
rebuilt for each iteration. The new moduli are chosen as
the tangent moduli at the stress level of the portion of
the load which is in equilibrium.
Direct Iteration Approach
Sometimes referred to as the secant stiffness method,
direct iteration only involves changing the moduli until
convergence is achieved. The procedure is as follows:
1. Calculate the strains corresponding to the final
loading state using the initial moduli. Calculate
the stresses corresponding to this state of strain.
2. Determine the "correct" strain corresponding to this
final stress state for the model with nonlinear
stress-strain behavior. Determine the error between
the calculated strain and the "correct" strain.
3. If the error is unacceptable, use the "correct" point
on the nonlinear stress-strain curve to compute new
values of moduli and repeat the process.
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Graphical representations of the direct iteration method
are shown in figure 3.13 for three iterations.
Newt on-Raphs on Method
This method is identical to the constant moduli
approach with the exception that each new iteration
involves recomputing the moduli and reforming the total
stiffness matrix (figure 3.14). The constant moduli
approach is sometimes referred to as the modified Newton-
Raphson Method.
Advantages and Disadvantages
The greatest advantage of the iterative procedures
are that they can converge to any desired degree of accu-
racy. There are, however, several disadvantages. One is
that the technique may be divergent for some models, espe-
cially if the material is strain hardening. An example of
a non-converging iteration is shown in figure 3.15. Non-
convergence problems may also be encountered if a negative
slope occurs in the material stress-strain curve for all
cases, except the direct iteration method. Another prob-
lem is that it may take many iterations to converge
towards the correct solution, especially if the material
is highly non-linear. The number of iterations is reduced
if the variable moduli techniques are used; however, more























Figure 3.15: Nonconvergent Iterations
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Incremental Method
A third technique to model a nonlinear stress-strain
behavior is to represent the curve as a series of linear
elements. Each of these linear portions is an increment.
Each increment represents a portion of the total load or
can model a phase in a construction sequence. The typical
procedure is to compute an initial tangent modulus based
on the initial stress state of the element, apply a por-
tion of the load, recompute a new modulus and keep repeat-
ing the process until the final stress state is achieved.
As indicated before, using the initial moduli of each
increment to represent the increment will yield a non-
conservative solution, whereas using the final moduli to
represent each increment will give a conservative solution
(figure 3.16). Moduli between these values will yield a
curve somewhere between the two extremes.
The advantages of the incremental technique are that
it is simple to use and computationally efficient; often,
only a few increments are needed to achieve a tolerable
error. Also, the increments can be used to represent con-
struction sequences such as building up an embankment or
making an excavation. The disadvantage is that it is not
possible to specify a limiting error, the error can only
be checked at the end. Errors can be reduced by using
62
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Figure 3.16: Incremental Method
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more increments. If the change in stress can be
estimated, it is possible to calculate the error involved
beforehand as a function of the number of increments. A
test of the errors involved for a typical nonlinear soil
model which is to be used in this study was conducted.
The results are shown in figure 3.17.
It is an incremental technique using the initial
moduli approach which is used in this study.
Mixed Method
As a final note, it is possible to combine the itera-
tive and incremental approaches to utilize the advantages
of each. By adjusting the number of increments and the
error tolerance during iterations, an optimum solution
scheme can be found. The technique uses an iterative pro-
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Figure 3.18: Mixed Approach
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CHAPTER 4: FINITE ELEMENT MODEL
Introduction
As described in the introduction to this report, a
very important aspect of the research program on the sta-
bility of reinforced slopes was to develop a finite ele-
ment computer program which makes allowance for the three
dimensional characteristics of the soil-pier system. The
computer package "SPILES" and a number of related programs
were developed to achieve this objective. The main
features of these programs are presented in this chapter.
Applications of the method are given in Chapters 5, 6 and
in the Appendix to this report. The documentation of the
computer programs developed for this study can be obtained
from the Joint Highway Research Project, Purdue Univer-
sity, West Lafayette, IN.
This chapter is divided in three sections. The first
section deals with the input parameters required by the
programs and the mesh generators. Several mesh generators
were developed to cover most of the cases which can be
encountered in practice. The characteristics of the pro-
gram "SPILES" (i.e., types of elements, material models,
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initial stresses, and solution techniques) are discussed
in the second section. Finally, the post-processing of
the finite element results with respect to stability
analysis is presented in the last section.
Part I_: Input
Four types of variables are discussed in this sec-
tion: loading conditions, slip surfaces, geometry and soil
properties, and pier characteristics. Mesh generators
were developed to provide an efficient input system by
digitizing a soil mass into degrees of freedom, nodes, and
elements. The geometric and loading conditions covered by
these mesh generators are also presented in this section.
Vari ables
Loading
Three cases of loading are considered in this study:
surcharge, cut slope, including an excavation from a hor-
izontal ground surface, and self weight (figure 4.1). A
surcharge loading is applied downward above the crest of
the slope when either the embankment height is raised or a
structure is built above the slope. A cut slope is
modelled as upward forces along the slope and toe of the







\ I I 1 1 1
I
I I I 1 * 1 I
4 4 1 till
1 1 1 lilt
4 I I lilt





excavating material from the toe to provide a wider roadway
Increasing the self weight of the material in the slope is
modelled by increasing the unit weight of all the elements
in the same proportion and calculating equivalent nodal
loads. This can provide an assessment of the general sta-
bility of a slope.
Slip Surfaces
Slip surfaces containing slip elements are used to
model the presence of a weak soil layer or the soil-pier
interface.
Slip elements are not used when it can be assumed
that good bonding exists between the pier and the soil.
This will usually correspond to a mode of failure in bend-
ing with large pressures transmitted to the pier. The
pressure will increase towards the top of the pier to pro-
duce a large moment in the cantilever type member (figure
4.2a). Slip elements can be introduced around the pier to
assess the possibility that a "flow" type failure will
occur: in this case, less pressure is exerted on the pier
as the soil contact is broken and soil movement is allowed
around the pier (figure 4.2b).
Commonly, weak seams will develop along the
bedrock/soil interface as groundwater tends to move along









Figure 4.2 Slip Surfaces
a) No Slip Surfaces
b) Disturbed Area Around the Pier
c) Weak Seam Along the Bedrock
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constructed side-hill fills. The same slip elements used
around the piers can be used along this boundary. If
these weak seams play a significant role, the slope will
move as a rigid mass which could lead to a shearing
failure of the pier (figure 4.2c).
Slope Geome t ry and Soil Parameters
The basic geometric variables are the slope angle,
slope height, depth to bedrock, and bedrock angle (figure
4.3). The soil parameters depend on the model which is
chosen for the analysis. The linear elastic system uses a
modulus of elasticity and a Poisson's ratio. The Duncan-
Chang model requires five parameters to represent a non-
linear modulus and three additional parameters to
represent a variable Poisson's ratio.
Pier Parameters
The relevant pier characteristics are the pier spac-
ing, diameter, position with respect to the toe of the
slope, and stiffness. The spacing is defined as the dis-
tance between the centroids of the piers. The stiffness
is introduced through the product EI of the modulus of
elasticity and bending moment of inertia of the pier (fig-
ure 4.4). Additional variables can be introduced to take
into account the effect of a staggered formation, that is






























Figure 4.4: Pier Parameters
74
Mesh Generation
To accommodate for all the different variables
described above and the different types of analysis, it
was necessary to develop several independent mesh genera-
tors.
These mesh generators have several features in com-
mon: (1) Each mesh represents a slice of the slope bounded
by lines of symmetry going between the center of a pier
and the midpoint between piers; (2) The ends of each slice
are represented by vertical rollers, the sides are hor-
izontal rollers and the bottom is fixed; (3) The pier
provides an elastic boundary against the soil mass (figure
4.5). Each generator allows for a bilinear slope, broken
at the pier, connected to horizontal surfaces above and
below the slope.
In general, the variables for all of the mesh genera-
tors are the same. The input consists of the spacing
between the piers, the size of the piers, the number of
elements across the width of each slice, the geometry of
the slope and the soil parameters. The generators also
allow for a sloping bedrock. The geometric input parame-
ters are shown in figure 4.6. Additional control vari-
ables are used to control the fineness of the mesh and the
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The particular characteristics of each of the mesh
generators are described in the following:
No Pier
The finite element mesh without piers actually
represents a two dimensional case. This case is solved
using three dimensional finite elements so that it retains
consistency with the shape functions and integration tech-
niques used for the other cases, and so that the initial
stresses corresponding to this case can be easily
transferred to cases involving a pier. Although there is
no pier present, the "no pier" case retains the ability to
solve for a bilinear slope.
The primary purpose of solving the case of an unrein-
forced slope is to establish the initial stress condition
for cases involving piers. A second reason is to provide
a reference point to assess the effectiveness of the piers
in retaining the slope.
This mesh generator has two main options correspond-
ing to the absence or presence of weak seams, respec-
tively.
No Pier Without Slip Elements
This represents a case where no weak seam has
developed between the bedrock and the soil material. A
78
rotational type of slide is expected to be most prevalent
in these situations.
No Pier With Weak Seams
In cases where a weak seam has developed between the
bedrock and the soil material, a second mesh generator
which incorporates thin, weak (i.e., low modulus) elements
along the bedrock is used. Block type sliding is expected
in this model.
One Row of Piers
Three mesh generators have been developed to address
the most important problem in this study, that is the case
of one row of piers within the slope.
One Row of Piers Without Slip Elements
This is the most simple condition for a single row of
piers (figure 4.4). The basic mesh is the same as the
case above (No Pier Without Slip Elements), except that
the three dimensional capabilities of the program will be
needed to model the movement of soil around tre pier.
One Row of Piers With Weak Seams
The same model used to describe weak seams in the
case of "no pier" is incorporated in a mesh with one row
of piers. The piers extend through the weak seam into the
bedrock .
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One Row of Piers With a Disturbed Area
The weak elements used in the mesh with weak seams
are introduced around the pier to simulate a weak adhesion
between the piers and the soil or a softer material due to
disturbance from drilling.
Note that an extension of these generators would be
to develop a mesh generator which accounts for both the
effects of a weak seam along the bedrock boundary and a
disturbed area around the piers.
Two Piers
This mesh is used to model two rows of piers in a
staggered formation. This configuration may have an
advantage from a constructional point of view, allowing
more space between the piers.
Excavated Slopes
Additional features are provided to solve problems
which involve incremental excavations to form slopes. A
special generator produces a wedge shaped soil mass which
can be excavated in increments (figure 4.7). Stresses
during excavation of this wedge shaped mass are transmit-
ted to the slope as nodal loads. Displacements due to
unloading the final slope are transferred back to the






























Part II : The Program " SPILES "
The program "SPILES" is a user-oriented finite ele-
ment program to calculate the resistance offered by pas-
sive, laterally loaded piers and the displacement of the
surrounding soil. The common active loading on piles
occurs when an external force is applied to the pier and
the soil is resisting the movement. This is the case of
piers used to support a retaining wall or structures sub-
jected to wind loads (figure 4.8a). Passive loading is
defined as the forces caused by the movement of the soil
around the piers such as piles used to resist slope move-
ments (figure 4.8b).
The program is dedicated to solving this problem and,
thus, is simple to use and easy to modify. The number of
options is limited but sufficient to solve most actual
problems. Efficient mesh generators are provided to limit
the number of input parameters.
The program is divided into several sections which
are completely independent. Hence, the program can be
easily modified; as an example, a new soil model could be
introduced in the program without changing the integration












for only one purpose, which allows for easy recall from
any location in the program. Furthermore, the program
does not require system subroutines for its execution, and
can be easily implemented on any computer system. It was
used at Purdue on the Vax 11, Gould, CDC 6500, Cyber 205,
and IBM 3083. Because of the large storage requirements,
the size of the problems solved on the CDC 6500 was lim-
ited. The program does not take advantage of the vectori-
zation options available on the Cyber 205 and so does not
operate efficiently on that machine.
Elements
Soil Elements
The basic soil element is a linear strain eight node
isoparametric parallelepiped which has the capability of
adding a mid-side node to one or more of its sides; thus,
it is expandable to a quadratic strain twenty node iso-
parametric parellelepiped. These "brick" shaped elements
have the advantage of being simple to visualize when the
elements are stacked together to form the total model.
Elements, such as the tetrahedra, which are composed of
diagonal boundaries are often difficult to conceptualize
in three dimensional space. This could lead to errors in
nodal numbering (Zienkiewicz , 1977, pg . 14).
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The additional nodes are necessary to define the cir-
cular cross section of the piles and useful in subdividing
the mesh in critical areas to improve numerical accuracy.
A typical element is shown in figure 4.9a. The process of
adding midside nodes at will is achieved by modifying and
adding to the basic eight node shape functions. This pro-
cess was introduced by Cook (1981, pg . 127) for two dimen-
sional cases, and extended here to the three dimensional
case. The variable shape functions developed for this
study to account for midside nodes are given in table 4.1.
A second order Gauss quadrature (eight Gauss points
for the three dimensional element) is used to integrate
over the shape functions to determine the stiffness coef-
ficients. The second order Gauss quadrature is accurate
for quadratic three dimensional elements (Irons, 1971;
Hellen, 1972; Zienkiewicz, 1977, pg . 203). For simpli-
city, the Gauss points are assigned the same number as the
closest corner node in the local coordinate system (figure
4.9b).
As the mesh is generated, going from the toe to the
crest of the slope (left to right in figure 4.10), the
increased depth calls for more elements to be used. To
account for this, several elements have one of their sides
divided by a midside node (figure 4.11a). The lower side








Figure 4.9 Typical Soil Element
a) Nodal Coding
b) Gauss Point Coding
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Figure 4.11: Mesh Nonconformity
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midside node will have linear strain properties. This
element, because of its midside node, will have quadratic
displacement properties. Thus, this technique introduces
noncompat ibili t y between elements and strain discontinuity
(figure 4.11b). To keep these discontinuities to a
minimum it is recommended that the subdivided elements be
placed near the bottom of the mesh where the strains are
smallest (figure 4.11). Using the combination of elements
shown in figure 4.11, parametric studies were performed
for typical loading conditions which would exist in the
foundation of a slope. Differences between the "exact"
(i.e. with discontinuities) and the "approximate" (i.e.
with discontinuities) Gauss point stresses and nodal dis-
placements were less than 0.5 percent.
Pier Elements
The piers are represented by spar elements with four
degrees of freedom, consisting of lateral translations and
rotations at each end (figure 4.12a). The three dimen-
sional behavior of the piers is insured by assigning the
same node number to every point of contact between pier
and soil at a given elevation (figure 4.12b). This
prevents compression of the pile. The downslope side of
the pier is not attached to the soil to allow a gap to
form as the soil separates from the pier. Bachus and







Figure 4.12 Pier Elements
a) Spar Elements
b) Nodal Relation to Soil
91
loading resistance of stone columns. The structural
stiffness equations for the pier elements are shown in
f igure 4.13.
Spar elements were chosen to represent the piers
because block elements may not be flexible enough in bend-
ing for long slender piers. Furthermore, many elements
would be required to maintain a good aspect ratio, other-
wise each element would have to be very long with respect
to the width, and this would further reduce the flexibil-
ity of the elements (Clough, 1969). An added advantage of
using the spar elements is a reduction in the number of
degrees of freedom. As will be shown later, the pile is
assumed fixed during the finite element solution of the
soil displacement and, thus, there are no degrees of free-
dom at the pile-soil interface. This reduces substan-
tially the total number of degrees of freedom.
There is one disadvantage to using the spar elements.
The cubic interpolation function of the pier displacement
is incompatible with either the quadratic or linear func-
tions of the soil elements. This incompatibility is very
similar to the incompatibility formed between the linear
and quadratic element sides which was shown to be negligi-
ble (see above discussion). Typically, the displacements
of the piers are much smaller than that of the soil. For











































Soil-pier interfaces and/or weak seams in the soil
can be modelled by slip elements. The thin layer elements
used by Desai and his co-workers (Desai, Eitani and Hay-
cocks, 1985, Desai and Sargard, 1984, Desai and Lightner,
1985) are incorporated in the mesh. The thin element
(figure A. 14) is similar to the soil element except they
recommend that it should be proportioned so that the ratio
of the shortest to the longest side, satisfies the follow-
ing:
0.01 < t/B < 0.1 4 .1
where: t = thickness, and
B = width,
The thin elements are assigned a smaller shearing
modulus, while the modulus against normal displacement
remains the same as that of the soil elements. These ele-
ments have several advantages over the traditional infin-
itely thin slip elements:
1) Since they are essentially the same as the soil
elements they are easily incorporated into the
finite element solution routine.
2) They avoid the numerical difficulties which are





Figure 4.14: Slip Element
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3) They not only provide for slippage around the
pier, but also provide a means of representing a
thin layer of "disturbed" soil due to drilling.
With regard to the third advantage, these slip ele-
ments can be incorporated in the analysis in two ways
depending on the model and parameters used. They can be
given very brittle parameters to act as true slip ele-
ments, that is to be relatively stiff and displace little
until breaking when failure is reached. They may also be
used as soft elements representing the remolded material
around the pier. Here the modulus would be small, allow-
ing large displacements.
Soil Modelling
The ultimate goal of this research program is to pro-
vide a reliable computer technique which can be used in
practice; thus, several criteria must be met by the soil
models. The models should provide realistic stress-strain
paths under the loading conditions of the problem. The
characteristics should be simple and amenable to use in
practice (i.e., consistent with geotechnical data usually
available for slope stability projects). This latter cri-
terion implies that a large enough data base has to be
available to help in the selection of model parameters.
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Three models were selected and implemented in the
program:
1) linear elastic,
2) Duncan-Chang (1970) with variable modulus only,
and
3) Duncan-Chang with both variable modulus and
Poisson's ratio.
The linear elastic model is provided because of its
simplicity and economy in making predictions. The added
effort of non-linear analysis can not be justified until
the results of a linear elastic solution have been
reviewed (Smith, 1982). Linear elastic embankment ana-
lyses have been conducted by Brown and King (1966), Penman
et al. (1971), and Lefebvre et al . (1972). Linear elas-
tic modelling is often appropriate for evaluating some
aspects of stable slopes (which should be the case of a
pier reinforced slope) and as a useful basis for initial
investigations (Duncan and Dunlop, 1970).
Details of the Duncan-Chang hyperbolic trodel were
given in Chapter 3. This model works well under condi-
tions of monotonic loading, as this is how its stress-
strain function is defined (Finn, 1980). The model param-
eters are simply obtained from triaxial testing and a wide
data base currently exists in the literature. Early
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applications of the Duncan-Chang (1970) soil model for
slope stability studies were performed by Duncan (1972),
Kulhawy and Duncan (1972), and Eisenstein, et al. (1972).
Related studies performed for retaining structures by Dun-
can and Clough (1971), Clough (1972), and Smith and Boor-
man (1973), contributed greatly to the popularity of this
model. More recently, this model was used by Chen and
Saleeb (1982) to determine three dimensional embankment
stresses and by Leonards, et al. (1982) to predict the
performance of buried conduits.
The initial modulus incremental procedure (Naylor, et
al., 1981) is used to implement the non-linear soil models
in the computer program "SPILES". This procedure divides
the total load into several increments. The existing
stresses are calculated in each element and the
corresponding modulus and Poisson's ratio are determined.
The increment of load is then applied and the resulting
increases in displacements and stresses are added to the
existing displacements and stresses from previous incre-
ments .
The incremental technique avoids any problem of non-
convergence since the modulus is determined at a point and
does not depend on the results of previous increments. In
addition, the degree of accuracy can be calculated from
the number of increments used and the estimated stress
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changes in the elements. For linear elasticity calcula-




The initial states of stress of all the elements are
required to calculate moduli if a nonlinear soil model is
used. Furthermore, it is also necessary to evaluate the
final states of stress rather than just stress differ-
ences. The initial stresses depend on the K condition of
the soil which is a function of the Poisson's ratio.
Other important factors include the modulus of elasticity,
slope angle, and formation processes. For example, the
horizontal stresses are expected to be higher for a slope
which was created due to erosion, than for a slope built
up as a highway embankment.
While it is preferable to model the entire formation
process of a slope from a horizontal halfspace, it does
require significant effort and amount of data. Although
it is possible to use this program in a sequential capa-
city, some simplified techniques are also provided. As a
generic case, it is commonly assumed that the initial
stresses are created by building a weightless slope and
then instantly turning on gravity. This technique is able
to allow for K conditions, the soil modulus of
o
elasticity, and slope geometry and boundary conditions.
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It is also possible to directly input the initial
stresses in the program. There are generally three
approaches to determine initial stresses:
1) Simplified approximate equations
2) Conformal mapping techniques
3) Finite elements
The simplified equations are based on the overburden
weight. Ozawa and Duncan (1973) have developed the fol-
lowing relationships:
a = y h
y
o = a = K T h
x z o













soil uni t wei gh t
,
depth below surface, and
angle of the slope above the element
While these equations will give good results for the
vertical and horizontal stresses, the shearing stresses do
not compare well with more rigorous solutions.
Conformal mapping solutions use transformed coordi-
nate systems to formulate a problem which is solvable in
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closed form and then transform the stresses back to the
original coordinate system. Perloff , et al . (1967)
derived a closed form solution to determine the stresses
under a long elastic embankment. The method utilizes Cau-
chy integrals and a method proposed by Muskhelishvi 1 i
(1963) which gives the boundary conditions in the half-
space. This solution is complex and is not practical for
engineering problems (Silvestri and Tabib, 1983 ). A sim-
plification of the Muskhelishvi li method is used by
Silvestri and Tabib (1983 ) to develop solutions to
specific problems. They mapped each problem as a linear
half space which is readily solvable, then the inverse of
the mapping is used to obtain the exact stresses for the
original problem. An example of the resulting stresses
2
given by Silvestri and Tabib (1983 ) is shown in figure
i* .15.
Even with the simplifications made by Silvestri and
Tabib (1983 ), conformal mapping solutions are limited to
cases of simple homogeneous, elastic, trapezoidal embank-
ments built on elastic half-spaces. More complex situa-
tions can only be analyzed using the finite element
method. It allows for more realistic soil models as well
as a greater variety of geometric shapes and boundary con-
ditions. The finite element procedure also simplifies the
modelling of formation or construction sequences. For
linear elastic cases, simply utilizing self-weight in a
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Figure 4.15: Initial Stresses by Conformal Mapping
(From Silvestri and Tabib, 1983 )
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gravity turn-on condition will yield results very similar
to those of conformal mapping. For example, the slope
given in figure A. 15 was also analyzed using the program
"SPILES". Figure 4.16 gives similar results using the
gravity turn-on finite element method.
To examine the errors in initial stresses involved in
an excavated slope, Wilson (1963) compared the results of
the gravity turn-on method to those of an elastic analysis
using construction sequences. The results are given in
figure 4.17. The average difference is only 16 psf , while
the average stress is over 1000 psf. This yields an error
of less than 2 percent. The accuracy would be even higher
if triangular elements had not been used along the slope
surface, as they produced the highest differences. While
the errors may be greater if both of these analyses had
been performed as nonlinear processes, gravity turn-on
must still be considered as an accurate method of deter-
mining the initial stresses.
Naylor, et al. (1981) recommended the use of self
equilibrating initial stresses rather than the simple
scheme of nodal loading used above. For a sloping ground
surface, this technique requires that the stresses be
first calculated for a horizontal ground surface above the
existing level. Then an incremental excavation technique
is used to determine a set of self equilibrated initial
103
v»rt. str*ts/uitlt wt./b«l S ht
horz. str^st/unlt wt./h«l f ht
It wt./h«lfht






























































stresses which are also In equilibrium with gravity
forces. Provisions have been implemented in the program
"SPILES" compute stresses in this manner.
In comparing the three solutions, the simplified
equations seems reasonable for cases where embankments are
being constructed, however, they may not be applicable to
cases of existing slopes. In the case of the mapping
solution, the horizontal stresses are not a K function of
o
the vertical stresses even at some depth below the founda-
tion. The finite element procedure produces stresses which
appear correct for general cases. In addition, only the
finite element procedure can easily give the complete
three dimensional state of stress.
Solution Processes
The program "SPILES" is composed of two major finite
element sub-programs. The first sub-program solves for
the displacements in the soil while assuming that the
piers are rigid. The second sub-program solves for the
pile displacements using the forces obtained at the soil
nodes .
The solution process follows the displacement based
finite element technique using constrained and uncon-
strained degrees of freedom. A constrained degree of
freedom can be temporarily fixed, maintaining a specified
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displacement. Any soil degree of freedom in contact with
a pier will be constrained (figure 4.18). The solution
process can the be broken into two sets of equations:
r =sk d +sk d
u uu u uc c
r =sk d +sk d
c cu u cc c
4.5
4.6
where: r = forces at unconstrained degrees of freedom,
u
r = forces at constrained degrees of freedom,
c
d = displacements at unconstrained degrees of freedom,
u
d = displacements at constrained degrees of freedom,
c
sk = totally unconstrained stiffness matrix,
uu
sk = sk = partially constrained stiffness matrix, and
u c cu
sk = totally constrained stiffness matrix,
cc
Since the initial pier displacements are known (the
constrained displacements), the first equation can be
solved for the unconstrained displacements. These are the
displacements throughout the soil mass. The solution pro-
cess uses a revolving block by block Gauss elimination
developed for this study. Core space requirements are
reduced in the computer since each block is orly one
bandwidth long. By revolving the lines in each block,
only one block needs to be in core at any one time,
instead of the usual two blocks. The other blocks can be
kept in secondary storage. Once the unconstrained dis-
























through the second equation. These would be the
forces against a rigid pier.
The solution technique for the pile displacements is
one of matrix structural analysis using beam elements
(Meyers, 1981). Here, another advantage is gained by
using the spar elements over the parallelepipeds. Their
solution requires much less computer time since the ele-
ment stiffness matrix can be formed directly based on the
length of each element.
The forces against the piers are absorbed in two
ways. First, there is a transfer of energy to the bedrock
through cantilever resistance; this results in stresses
which are subtracted from the soil. Second, there is the
passive resistance of the soil as the pier pushes against
it; this is a simple transfer of stresses from the soil on
one side of the pier to the soil on the other side. Both
of these resistances are a function of the pier displace-
ments, and both increase as the pier bends. The equation
to be solved is:
r =a*d + sk *d
c c cc c
4.7
or
r =( a + sk ) d
c cc c
4.8
where r, d, sk have been defined above, and a = pier
stiffness matrix. The pier displacements can be
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calculated and then used in the calculation of the new
element stresses.
In the case of an excavation, a similar process is
followed. An additional finite element mesh is generated
for the excavated area. Constrained degrees of freedom
are used along the boundary between the wedge which is to
be excavated and the final surface of the slope.
Automatic excavation increments are performed by the pro-
gram, removing one layer of elements at a time. During
each increment the forces at the unconstrained degrees of
freedom due to the excavation are transmitted across the
boundary and serve as the forces on the final slope. The
resulting displacements along the slope surface are then
used to recompute the existing state of stresses in the
rest of the wedge to be excavated.
Part III : Stability Analysis
The program "SPILES" generates stress, strain, and
displacement fields within the slope being analyzed.
While this information is extremely useful in understand-
ing the general influence of the piers, it may often be
desirable to condense it to a specific value which is an
index of the stability. The index typically used by
g'eot echni cal engineers is the factor of safety. In this
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section, the approach taken to estimate a factor of safety
from the finite element results is discussed. This dis-
cussion concentrates on the definition of the "point of
collapse" and on the stability calculations.
Point of Collapse
"The power of the FE method lies in its capability to
model details of the configuration. Ironically, its
application to some geotechnical problems such as the sta-
bility of soil slopes is also hindered by this versatil-
ity" (Wong, 1984). Between the states of initial yielding
and final failure there can exist a wide range of loading.
The critical load depends on the definition of failure.
Several of the most common definitions are given below.
Nonconvergence
When an iterative procedure within the finite element
method is used to establish force equilibrium, Zienkiewicz
(1977) suggests that a lack of convergence indicates col-
lapse of the structure. This method, however, requires
that a nonlinear analysis be conducted under an iterative
technique which is sensitive to nonconvergence. Wong
(1984) states that the nonconvergence condition is an
upper bound, that is failure will always occur before this
condition is reached. Safety based on this analysis will
be unconservat i ve .
Ill
Continuous Surface of Yielded Elements
It is possible to calculate the point of failure of
individual elements based on failure criteria like the
Mohr-Coulomb criterion. As incremental loading is
applied, a plot of these failed elements may show a trend
towards a continuous failed surface which indicates col-
lapse. Wong (1984) states that when a full slip condition
has formed, the stability is always a lower bound and is a
conservative estimate of safety. A major drawback of this
technique is that a wide band of elements may fail before
a path to the surface is reached. This hides the location
of the most critical surface.
Critical Dis placement
During a nonlinear analysis, failure may be defined
as a state of rapidly accelerating strains under con-
stantly increasing stresses. The most noticeable condi-
tion of failure may be excessively large displacements.
Snitbahn and Chen (1976) suggested that the horizontal
displacement of a node, just above the toe in a vertical
slope, will displace excessively at failure. Similar
points may be defined for other slopes. While the sim-
plest of the techniques, it requires experience and judge-
ment to define the point to be monitored and to establish
a limit which defines failure.
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Limiting Equilibrium
Failure surfaces can be superimposed over the finite
element stress field and the ratio of resisting stress to
shearing stress calculated (Duncan and Dunlop, 1969; and
Wright, 1974). This will yield a factor of safety similar
to that which is currently computed by typical limiting
equilibrium analysis (Siegel, 1975; Chen and Saleeb, 1982;
Hassiotis, 1982)
The advantages of using finite elements to compute
the stress field are based on the versatility of the
method. Using the finite element procedure, it is possi-
ble to account for the formation and construction
processes of the slope. In addition, the constitutive
relations of the soil are taken into account. Finally,
complex boundary conditions, such as the piers in this
case, are implemented.
Security Factor
In geotechnical engineering, the physical meaning of
the factor of safety is often obscured by its method of
calculation. In structural engineering, when calculating
the security of a truss member, the factor of safety is
simply the load which the member can carry divided by the
applied load. If the applied load is doubled, the "secu-
rity" is halved. When considering the factor of safety of
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a slope, however, it is not generally in terms of loads.
The factor of safety for slope stability depends on the
stresses along a potential failure surface. Although
these stresses are produced by various loads in the slope
(soil weight, hydrostatic pressure, seepage forces, sur-
face loads, seismic forces, etc.), the factor of safety is
not directly proportional to any one of these loads.
The global factor of safety, as commonly defined by
the method of slices, is satisfactory in comparing similar
slopes under similar loadings. However, this factor of
safety does not relate well to how the individual forces
within the slope affect its stability. To fully appreci-
ate the significance of the factor of safety, it must be
reduced to more specific terms. It is not only necessary
to compute the factor of safety using the stresses along a
specified potential failure surface, but also to compute
the "security" with respect to individual loads. The
"security" with respect to a load is defined as the ratio
of load to cause failure divided by the working value of
that load. This can be done by computing a factor of
safety along the most probable failure surface, at incre-
mentally increasing values of load, until unity is
reached. This is the point of collapse and will be the
load at failure. This value of stability has the advan-
tage of scaling linearly with load. Furthermore, the
securities for the major variables, and the probabilistic
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characteristics of the loads on which they are based, can
be used to define a more meaningful "global" factor of
safety. The actual application of this technique will be
discussed more fully in Chapter 6.
The Program "LOGFIND"
A complementary two-dimensional limiting equilibrium
program was developed to analyze the factor of safety
using the stress field provided by the finite element pro-
gram "SPILES". Incremental stresses at increasing load
levels can be used to determine the stability of the slope
with respect to a selected load variable.
The program "LOGFIND" establishes the same element
boundaries used in the finite element program. The
stresses in these elements are defined as the average
stresses from the eight Gauss points in each element. The
program will analyze the two dimensional factor of safety
for the center plane of each row of elements. A two
dimensional grid is built as a searching pattern to locate
the center for the most critical failure surfaces (fcigure
4.19). Potential failure surfaces enter the slope at a
defined point at or near the toe of the slope and extend
as circles or log spirals until they exit the soil pro-
file. The shearing stresses and resisting stresses are













factor of safety is defined as the sum of the resisting
stresses over the sum of the shearing stresses.
The resisting stresses are calculated using the
Mohr-Coulomb failure criterion:
T = c + o<f> 4.9








Several options are included in the program to place
limitations on the potential failure surfaces. The first
of these options is to specify that the same surface be
used for all load increments once it has been established
under the first increment. This eliminates unnecessary
searching under linear elastic cases with no pier present.
It also enables direct comparison of specific surfaces
under increasing load conditions. Second, it can be
specified that all surfaces exit beyond the crest. This
enables a search of deep seated slides or elimination of
potential surfaces which are too shallow to be a factor.
A third option specifies that if a surface encounters
bedrock or a weak seam, it extends linearly along it as a
block failure (figure 4.20). If this option is not



















CHAPTER 5: EXCAVATION AND CUT SLOPE REINFORCEMENT EXAMPLES
Int roduct ion
Cut slope stability was one of the three loading con-
ditions discussed in the previous chapter. In order to
explore the capability of drilled piers to provide a per-
manent method of increasing the stability under this load-
ing condition, the specific example of an excavation will
be studied. This example problem will yield insight into
the use of drilled piers as retaining structures during
and at the end of an excavation. It will also be used to
illustrate the capabilities of the computing technique
provided by the programs written for this study.
There are two reasons for using an excavation as a
specific example problem. First, the case of an excavation
helps illustrate a potential application of the piers
which has not been reviewed in any other part of this
study. Surcharge load has been studied in a previous
phase of this research and presented by Oakland and
Chameau (1984). Self weight loading of the embankment
material will be discussed in parametric studies in the
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next chapter. Second, an excavation eliminates one vari-
able, the loading. The loading, or unloading in this
case, is defined by the final geometry of the slope and
the unit weight of the soil.
As described in the previous chapter the computing
process consists of three parts: mesh generation, finite
element analysis and a limiting equilibrium evaluation of
stability. In general, the output from one process is
used as the input for the next one. Between processes,
however, some user intervention is required. The output
of each process is also complemented by a graphical
representation of the data to be used in the next process
This allows for a rapid evaluation of the correctness of
the input for the next process.
Example Problem
The problem to be solved is similar to the one
explored by Duncan and Dunlop (1968): A 40 foot excavation
in 60 feet of soft clay using 1:1.5 side slopes. The
problem will be analyzed with and without drilled piers
installed at the future crest of the excavation. The
bedrock is very hard and stiff with respect to the soil
and acts as a rigid boundary in which the piers can be
socketed. It is located 20 feet below the final excava-
tion depth, one half of the slope height.
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The soil Is a f ri ct ion less material with a cohesion
(c = 800 psf) and unit weight (y - 130 pcf) constant with
depth. The soil strength was chosen such that the unrein-
forced slope has a non-acceptable factor of safety when
the final increment of excavation is completed. With a
cohesion of 800 psf, the Bishop factor of safety is 0.95
at the end of the excavation.
Four foot diameter piers with 8 foot center to center
spacings will be used to support the excavation.
Soil Model
Duncan and Dunlop (1968) used three different soil
models in their study: linear elastic, bilinear elastic,
and nonlinear. Their conclusions were that the linear
elastic analysis may be suitable for analysis of some
aspects of stable slopes. Bilinear analysis is useful in
determining where local failure begins and how it
progresses with further excavation. Detailed stress and
displacement analysis must be determined using a nonlinear
model
.
For this example, a nonlinear hyperbolic model will
be used to determine the modulus of elasticity in each
soil element during each increment. The initial tangent
modulus is 100,000 psf. The equivalent parameters in the
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Duncan-Chang soil model are: K = 47.2, n = 0.5, c = 800.0,
<J>
= 0.0, and R
f
= 1.0. This value of "K" corresponds to
the initial modulus of 100,000 psf , the "n" is an average
value for clay (see table 3.2), and Rf of 1.0 represents a
normally consolidated clay where the ultimate strength is
the same as the strength at failure, i.e. it represents a
normally consolidated clay with no peak strength. Weak
plastic clays tend to have high Poisson's ratios of the
order of 0.4 to 0.5 (Leonards, 1962, pg 789). The range
of variation is small and thus a constant value of 0.45 is
assumed in the analysis.
Initial Stresses
When starting an excavation from a horizontal ground
surface it is possible to calculate the initial stresses
as a function of depth below ground surface as:
y
o =o = K Y hX z o
The program assigns these values to each node or gauss
point located at depth h.
Two techniques of installing the piers at positions
within the slope are possible. The first would be to par-
tially excavate the slope to the desired level of the
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piers, install the piers, then continue the excavation.
In this case, the stresses which are present at the final
increment before the piers are installed are used as the
initial stresses for the second part of the excavation
with the piers. Two problems are associated with this
procedure. The piers do nothing to alleviate the stresses
induced during the first part of the excavation, thus los-
ing much of the efficiency of the piers. Also, a break in
the excavation procedure is needed to install the piers
and allow them to cure. This may add to the cost of the
const ruction .
A second procedure would be to drill the piers at the
desired locations, but only fill the shafts up the the
future excavated level. The remainder of the shaft can be
backfilled with soil. This can be done well in advance of
the excavation to allow adequate curing time for the con-
crete and not interfere with construction. This procedure
has the advantage of maximum efficiency in absorbing the
induced stresses. Also, this problem can be modelled in
one stage.
Simulation of Excavation
Numerical simulation of the excavation can be made by
removing either layers of elements or layers of nodes. .In
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the elemental approach, the average stress in an element
is extrapolated to the next excavation boundary. This
boundary is between the element to be removed and the next
lower element. The forces on this boundary are computed
and applied as upward forces on the new surface boundary.
An assumption, however, must be made concerning the dis-
tribution of stress with depth. In this study, it is
assumed to be linear across the element.
The nodal method of simulating the excavation has the
advantage that no assumption of this kind is needed. The
forces at the nodes to be excavated are calculated based
on the average stresses in the element. This is correct
since the border of the layer goes through the middle of
the element below that layer of nodes. The layer of nodes
actually represents the middle of the excavated material.
Since the elements above the layer of nodes are not added
into the total stiffness array while the elements below
are, the stiffness array represents an average stiffness
during the excavation of each layer. This is an advantage
over the elemental method where the stiffness is simply
the final stiffness after the layer has been excavated.
While the nodal method may be numerically superior, it has
several disadvantages. First, the first and last incre-
ments must be treated as half layers, this is computation-
ally difficult and adds an extra increment to the process.
Second, since the stresses are calculated based on the
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excavation levels between the boundaries, it is difficult
to stop and restart the process between increments. This
leads to difficulties when a pier is to be added after the
excavation is partially completed. For these reasons, the
elemental method will be used in this example.
Mesh Generation
The first step towards the solution of the problem is
to form a digital representation using a mesh generator.
A variety of mesh generators which discretize the final
slope have been developed for this study. The basic input
for each slope generator has been reduced to the boundary
dimensions of the soil profile, the pier diameter and
spacing, default values for the modulus of elasticity and
the Poisson's ratio, and a few parameters to control the
mesh fineness .
The wedge shaped soil mass which is to be excavated
to form the final slope geometry from a horizontal ground
surface is created by a special generator. In order for
the nodes along the boundary of this mass to be compatible
with the nodes on the surface of the final slope, they
must be input directly by the user. The locations of
these boundary nodes are used to generate the mesh.
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The mesh generator creates a file made of a nodal
code and an elemental code which can be input directly
into the finite element program. An isometric graphics
routine can plot the mesh from any vantage point. This
allows for a rapid check against errors in the coding.
The final slope geometries for the cases with and without
piers are shown in isometric and plan views in figures 5.1
and 5.2. The compatible wedge to be excavated is shown in
these isometric and plan views slightly offset from the
final slopes.
The gradation of the mesh is an important factor in
the accuracy of the results. Snitbhan and Chen (1978)
found that in the case of vertical slopes a great number
of elements are required around the toe to reduce problems
of singularities. Preliminary trials of the problem to be
solved indicate that there is a singularity problem
involving the load transition from the wedge to the final
slope. The effect of this singularity can be reduced by
additional elements in the wedge and corresponding ele-
ments in the toe of the slope. Figure 5.3 shows the rela-
tion between the angle of the displacement at the toe
after the final increment of excavation and the number of
elements used in each layer of the excavation. The com-
puted angle for a small number of elements (4) is far from
the asymptotic value reached for larger numbers of ele-
ments, but dramatic improvements are obtained by


















































































































Analys is Us ing the Finite Element Code
Once the mesh has been created and checked for mis-
takes, the actual simulation of the construction process
can be modelled using the finite element program. The
bulk of the input to the program comes directly from the
mesh generator. However, some additional information con-
cerning the general nature of the problem and secondary
elemental information must be added to the existing data
file. The secondary elemental information consists of the
properties of the elements.
Finite element programs can produce a large amount of
numerical output. Most of this information consists of
stresses and strains for each element or each Gauss point,
and displacements and equivalent nodal forces for each
node. For the three dimensional problem solved in this
study, there are six stress components at each Gauss point
and three displacement and load values at each node. Also
calculated are principal stresses and rotations, and total
accumulated displacements. This information is recomputed
for each increment, however, can be reduced to a
comprehendable format using a post processing computer
graphics package developed for this study. Figures 5.4 to
5.21 summarizes the output for the eight excavation
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Figure 5.10: Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 6 for the Case of a
Slope with No Pier
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Figure 5.10: Continued
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Figure 5.11 Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 7 for the Case of a
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Figure 5.12 Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 8 for the Case of a
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Figure 5.13 Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment for the Case of a
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Figure 5.13: Continued
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Increment 1 for the Case of a














y* * A* 4*4" 4- 4* 4»^ 4* 4* 4* 4-4 4> 4* +^ 4> 4» 4* 4* 4*4* 4* 4* 4*
-> 4- 4"
4* 4- 4*



































4- 4* 4* 4* 4-4* ^ 4- ^ 4> 4* 4* 4
1 4*f 4^ 4> 4> 4-
STRESS DIRECTION














26 +-31 + 36 .t!S3
'f'
+-48 +.48 + 18
/£* *» *« +.60 +.*7'»
3+-^B3 +.61 +.61
+.61
/+ll9 4-60 +U +.61 +.66 +.*SSB+




+'*88 +-B9 +.89 + 89











+.8, +.8, +.9. +*+*>.*^ ^ +66 ^ +1.16
+.93 +.95 +.9H +.97+95^98^
o] ^ ^^ ^ +1.30 +1.30 +1.30
+1.08 +1.04 +1.06 +1.08+1. LP .03
+1.H! +...9+1.10+l. S9+.^.3^-
,6 ^- 15 ^" :11 ^- ,! +1 .43 +1.13 +1.43
VERT STR/UNIT WT/HEIGHT
+.80 +.81 +.81 +.61 +.76+81
+.89 +^8 +-96 +.90+.95+.87'
1
,98 +.93 +1 .0*1 .* -^ -01 ^






/ t — -t-i" 4-uo +,otr
V" •"-'» +-02 + 04 +.-J^
+-CPW






































00 U J U .U/ T~
01
+.01 +.CE +.01.01+.OH-" +

































Figure 5.15: Vertical, Horizontal,
and Shearing Stresses,
Jlsplacelents and Stress Direction
for
Increment 2 for the Case of
a
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Figure 5.16: Vertical, Horizontal, and Shearing
Stresses,
Displacements and Stress Direction for
Increment 3 for the Case of a





X V V V

























































+-3^ + 38 +.46
+-62 + 74 +.7Sal4























+-» +-» +76 +l.lV-^-23*"
9S
'*'




+.66 +.67 +.67 +.64 +.60+56
+•
+.64 +.66 +.67 +.67 +.68+68
+-
+.72 +.71 +.78 +.T5+.84+. 76
+.79 +.79 +.68 +.96 +.93+99
•»"
HORZ STR/UNIT HT/HE1GHT
^V" +- 00 -F 00 +-.O0
+.03 +.03^
+" 00 •f .00
+-.00
+.03 +.06





















+.04 +.03^*x += .00 + .00 +-.O0
'+* +.04 +•06 +.08
+.06 +.02 +.04^
































+-01 +-9S +.0U + 03 +.0*+. 01 +
07 +.08 +.07 +-16 +.09
+.13 +.U9
+• 00 +•00 +-.O0
SHERR STR/UNIT WT/HEIGHT
Figure 5.17: Vertical, Horizontal, and Shearing Stresses
Displacements and Stress Direction for
Increment 4 for. the Case of a
Slope with a Pier
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Figure 5.18: Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 5 for the Case of a
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Figure 5.19: Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 6 for the Case of a
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Figure 5.20: Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
Increment 7 for the Case of a
Slope with a Pie'r
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Figure 5.21: Vertical, Horizontal,
and Shearing Stresses,
Displacements and Stress Direction for
Increment 8 for the Case of a
S*lope with a Pier
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Figure 5.21: Continued
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increments of each of the two cases examined: case with no
pier (figures 5.4 to 5.12), and case with piers at the
crest of the slope (figures 5.13 to 5.21). These figures
include the vertical, horizontal, and shearing stresses
normalized by the unit weight of the soil and the slope
height. Also shown are the displacement vectors and prin-
cipal stress directions as well as a representation of
yielded elements. A discussion of those results follows.
Di s placements
The nodal displacements for each increment are the
primary output of this finite element program. These are
achieved in a global calculation directly from the nodal
loads. While the displacements are not directly applica-
ble to the stability analysis, they are useful if the
deformation of nearby existing structures is critical.
Plots of the displacement fields may also give some
insight into the failure mechanism.
The difference in the nature of the two problems can
be seen when comparing the displacement fields of both
cases at each excavation stage and in particular during
the last stage (figure 5.12 and 5.21 for the cases without
and with pier, respectively). The most striking feature
of the displacement plots is how effective the piers are
as a barrier, as shown by the almost nonexistent displace-
ments above the crest (figure 5.21), which is the pier
167
location, compared to the large displacements which occur
throughout the profile for the case with no pier (figure
5.12). This barrier action eliminates a significant por-
tion of the horizontal component of the nodal displacement
vectors. This significantly reduces the overall slope
movement and yields a more vertical direction of the dis-
placement vectors. The displacements for the case of the
reinforced slope represent the elastic rebounding of the
unloaded soil.
For the case of a slope with no pier (figure 5.12),
typical "circular" displacement patterns form. In addi-
tion to elastic rebound which occurs at the base of the
excavation, heaving also occurs to compensate for the
sloughing at the crest of the slope.
In addition to studying the final displacement field,
it is also useful to monitor the progression of displace-
ments during the excavation. For the case of the unrein-
forced slope these are given in figures 5.4 to 5.12. The
point of maximum displacement on the slope surface moves
downward as the excavation progresses and is approximately
at the level of the excavation. The magnitude of these
maximum displacements does not grow proportionally with
the excavation, but rather increases very rapidly during
the last increments. This is because of the combination
of Increased shearing stresses and reduced confinement,
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causing the soil modulus to become small. It is also pos-
sible to see the deepening of the failure surface as the
displacement vectors at each point continually bend down-
ward with each increment. The most dramatic change in the
displacement pattern occurs during the 6th increment (fig-
ure 5.10) where the surface displacement vector at the
level of the excavation bottom almost doubles in length,
primarily in an upward direction (heave and rebound) while
the node just above the bottom turns sharply downward
(sloughing). This corresponds to the increment where most
of the elements with reduced modulus ("failed elements")
are located at the base of the excavation, near the toe.
The progression of displacements for the case of an
excavation reinforced by piers is given in figures 5.13 to
5.21. For this case, the relative magnitudes of the dis-
placement fields do not change significantly during exca-
vation. Also, the magnitudes increase almost proportion-
ally with the number of excavation increments. The
modulus of most soil elements is not changing, thus the
deviator stress in each element must be decreasing to
account for the reduced soil modulus which would occur if
only the confining stress were being relieved.
Strains and Stresses
Element strains and stresses are back calculated from
the nodal displacements. They are calculated on an
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elemental basis instead of the global approach used to
compute the displacements. The strain and stress values
are calculated at each of the eight Gauss points then
averaged over the element. The gauss point values and/or
the average values can be included in the output. The
average values of stress are used in the stability
analysis .
The final stress states for the two cases are given
in figures 5.12 and 5.21. Unlike the cases of surcharge
loading or self weight, the case of an excavation does not
take full advantage of the vertical support which the
piers have to offer. For this reason, the vertical stress
fields between the two cases is not dramatically dif-
ferent. The vertical stresses are primarily influenced by
the position of the yielded elements. For example, con-
sider the stress in the element located along the founda-
tion under the toe in figure 5.12. The vertical stress
ratio of 1.01 is high when compared to its neighbors, how-
ever, it must be noted that the elements on both sides of
this element have previously yielded (reduced modulus).
This element must carry part of the load of its "soft"
neighbors. The vertical stresses above the crest are very
well preserved through the excavation, especially for the
case reinforced by a pier.
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The horizontal stresses for the case of no pier (fig-
ure 5.12) show trends which are well established for typi-
cal excavations. The most noticeable trend is the
development of a tension zone along the surface above the
crest. Also, near the boundary of the excavation, the
horizontal stresses exceed the vertical stress as a result
of overburden removal. For the case with a pier (figure
5.21), the horizontal stresses are preserved above the
piers and no tension zone forms. A tension bulb does,
however, form in front of the piers. This tension is a
result of negative "drawdown" against the piers as the
excavation progresses and explains that there is no sign
of sloughing at the crest.
The development of the shearing stresses given in
figures 5.12 and 5.21 is the most important comparison to
be made (in frictionless material) with regard to slope
stability. Again, the initial shearing stresses (null)
are preserved above the pier in figure 5.21. Under the
slope itself, within the region where a shallow failure
surface is likely to develop, the shearing stresses are
reduced only marginally. However, there is a substantial
reduction in the shearing stresses along the foundation of
the problem. If a weak seam had existed in this problem




A final comparison can be made using the plots of
stress directions and "failed" elements. In comparing the
final states for each case (figures 5.12 and 5.21) the
more random distribution of these elements for the case
with piers is a contributing factor in the stabilizing
effect of the piers. In the case with no pier, the dis-
tribution of the yielded elements shows that a failure
surface is forming at the toe of the slope (figure 5.12),
while in the case of the slope supported by piers, the
yielded elements largely occur outside the range of a
potential failure surface.
Nodal Loads
Through the equations of equilibrium, the elemental
nodal loads can be calculated from the elemental stresses.
These are the loads which would be necessary to achieve
the given stress state. A summation of all of the element
nodal loads will yield the global nodal load field. These
nodal loads are used to calculate the boundary forces from
the excavated material on the slope and the forces against
the piers.
The nodal loads against the piers are shown in figure
5.22. These loads are highly variable during the first
three increments for two reasons. First, these increments
involve the layers closest to the piers and so most affect
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Figure 5.22: Nodal Loads Against the Piers
for Each Increment
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it also moves away from the piers affecting them less.
Second, because of the high variations in load against the
pier, the iterative process, which balances the forces
against the pier and the pier displacements, is lagging a
little. This is apparent in the third increment which is
responding to an excessive displacement during the second
increment by inverting the load pattern. This is caused
by the loads on the back (upslope) of the pier building up
as the pier is held rigid during that increment. The pier
displacements are then exaggerated and in the next incre-
ment the passive pressures on the front (downslope) of the
pier exceed the additional loads from the previous incre-
ment on the back of the pier. In some case, this condi-
tion becomes nonconve rgent . In this case, however, the
excavation is moving away from the piers and its influence
is reduced, allowing the piers to regain equilibrium.
Once an equilibrium is established and the excavation has
moved away from the pier, there is little further change
in the loads.
Output Files
In addition to the general output given above,
several files are created which contain information to be
used in post-processing analysis. A list and short
description of these files is given below.
m
1) STO . This file contains all of the information
needed to build the individual element stiffness arrays
and to assemble them into the total stiffness array. This
file is created so that the elemental information does not
have to be stored in core. Also, creating this file
prevents reintegration of the elemental stiffness matrices
for each increment. This is a temporary file which is
only created for the duration of the computations.
2) STFS . This file contains the total stiffness
array. It is updated for each increment. It is also a
temporary file.
3) SOLVE . Nodal, elemental and incremental stress
information is stored in this permanent file. This file
is used as input to the limiting equilibrium analysis pro-
gram "LOGFIND".
k) PLO . All plotting information for the displace-
ments, stress magnitudes and stress directions are stored
in this permanent file. The post-processing program
"XPLOTTER" produced the plots shown in this chapter.
Limiting Equilibrium Analysi s
An assessment of the overall stability of the slope
is made using a two dimensional limiting equilibrium
analysis. The program "LOGFIND" was developed to utilize
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the stress output from the finite element analysis unlike
existing slope stability programs which generate the
forces along the failure surface using a method of slices.
The limiting equilibrium calculations are made as a summa-
tion of the strength of the soil and existing stresses at
a discrete number of points along a circular or log spiral
failure surface. A grid pattern searching technique is
used to locate the most likely failure surface.
The information needed to conduct the limiting
equilibrium analysis is contained in the file "SOLVE"
which is created during the finite element analysis. This
file contains the nodal and primary elemental information
necessary to establish the two dimensional mesh. The
stresses for each element at the end of each increment are
also stored. The only additional input needed is a set of
coordinates to establish the searching routine. A limit-
ing equilibrium factor of safety is calculated for each
row of elements in the problem.
The result of this program is a listing of the five
most probable failure surfaces for each increment. A
graphical representation of the three most likely failure
surfaces is also printed. The most likely circular
failure surfaces for each increment are shown in figures
5.23 and 5.24 for the cases without and with a pier,


































































































































material involved in the slide. This reduction increases
with excavation depth as the trend for the centers in the
case of a slope without a pier is to move up, it is to
move down in the case of a slope with piers - thus shor-
tening the arc radius. A plot of the factor of safety
with respect to the elevation of the bottom of the excava-
tion is given in figure 5.25.
While there is a significant improvement in the sta-
bility of the reinforced slope, it is not as much as might
be expected or as will be displayed by the case of piers
used to support slopes under self weight in the next
chapter. Because the direction of soil movement at the
level of the pier is primarily in the horizontal direction
(or vertically upwards), the vertical support of the soil
by the piers, a major benefit of the piers for other con-
ditions, is not utilized. Under conditions of downward
forces acting on the slope, such as in the other two load-
ing cases of surcharge loading or self weight, this com-
ponent can be used to great benefit.
In conclusion, while the piers do increase the factor
of safety of a slope during excavation, their greatest
benefit under this loading condition may be to control
displacements and prevent bottom heave. Better reinforce-
ment of the slope may have been achieved by positioning
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piers could have absorbed additional stresses from the
larger movements. However, the loads on the piers would
have been primarily horizontal and it is unlikely that the
piers could be constructed to withstand such loads. The
piers would probably be more beneficial in cases of
smaller excavations and steeper slopes with more vertical
movement .
Analysis of the Case of Cut Slope Stability
To further demonstrate the potential of the finite
element program "SPILES", the example of piers used to
reinforce a cut slope in a sandy clay is analyzed. Three
additional features of the finite element model will be
illustrated through this example. First, equivalent sur-
face loads will be calculated based on the initial stress
state to simulate the excavation rather than the automatic
removal of elements used in the previous example. Second,
the sandy soil allows the use of a variable Poisson's
ratio (i.e. extended Duncan-Chang Model). Third, in this
example the piers will be constrained laterally at the top
to simulate the use of tiebacks.
The problem to be considered is a 1:2 slope with a
height of 30 ft. and a depth to bedrock under the toe of
12 ft. The soil properties are nonlinear with regard to
both the modulus of elasticity and the Poisson's ratio.
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For the basic example, the soil has a cohesion of 200.0
psf and a friction angle of 36 degrees. The following
Duncan-Chang parameters are used to model the nonlinear
stress-strain behavior: K = 47.2, n = 0.5, R
f
= 0.8. The
additional parameters needed to model the nonlinear
Poisson's ratio are: G = 0.33, F = 0.06, and d = 4.0. A
modulus of 50,000 psf and Poisson's ratio of 0.45 (K
o
0.83) will be used to establish the initial stresses. The
slope will be cut to a 1:1 slope and reinforced by 4 ft.
diameter piers with 8 ft. spacings.
Four cases will be examined: no pier, a pier at the
crest, a pier 12 feet from the toe, and a pier at the toe.
Because of the their length, the piers at the crest will
be restrained by tiebacks to ease the structural demands
applied to them and to reduce their movements. The piers
in the last two cases must be installed below the existing
ground surface. This is accomplished by drilling the
shaft as normally would be done, however, the pier is con-
structed only up to the future ground surface. The
remainder of the shaft is backfilled with soil. Once the
pier has cured, excavation of the slope can proceed unhin-
dered down to the level of the top of the pier. Tiebacks
will not be used in these last two cases because of the
reduced length of the pier and of the imp ra ct i ca 1 i t y of
the procedure below the ground level.
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Initial Stresses and Surface Loads
The initial stresses are established for the original
1:2 slope through the gravity turn-on procedure discussed
in Chapter 4. These stresses, once established (figure
5.26), are used to estimate the initial stresses for the
elements present in the final cut slope (figure 5.27).
This transformation must be performed by the user. Care
should be taken in establishing the meshes for the origi-
nal and final slopes to insure that they are as similar as
possible so that the amount of user intervention is lim-
ited.
Because the gravity turn-on method used in this pro-
gram establishes the nodal loads for the initial stresses
by dividing the total weight of each element equally among
its eight primary nodes, some error is introduced for ele-
ment shapes other than rectangles. Consider the simple
one element examples in figure 5.28. Both elements have
the same average dimensions and volume. The situation
illustrated by these two elements occurs in the original
1:2 slope. If a unit weight of 130 pcf where used, a
vertical stress of 292 psf should be calculated at an
average depth of 2.25 ft. The gravity turn-on procedure
in this program yields a vertical stress of 28 1 psf for
case A and 329 psf for case B. Alternating low and high
values of vertical stress along the slope face represent
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elements similar to the elements A and B. Better approxi-
mations of the stresses in these elements are possible by
using a consistent mass approach to determine the nodal
loads used to establish the initial stresses. In this
method the average stress difference across the elements
is integrated over the element using the shape functions.
More elements can also be used to reduce the effect (fig-
ure 5.29). However, while the effect of these approxima-
tions may be quite dramatic for an individual element,
they have a minimal effect on the entire stress field.
Figure 5.30 plots the average vertical, horizontal and
shearing stresses for each element along the final cut
slope surface. Allowing for discrete nature of the ele-
ments, the differences in the stress distributions are
negligible, and do not alter the evaluation of the surface
loads applied to the cut slope.
These surface loads which simulate the excavation
process are established from the average elemental initial
stresses. The following equations are used to calculate
the horizontal and vertical equivalent forces:
F L = (-V a + H a . w/4h n x n xy
)
F = (H a - V o . w/A




where: F = horizontal load at each node,
F = vertical load at each node,
v '
H = horizontal span across each element,
n
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Figure 5.30: Average Stresses Used to Determine Surface Loads
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V = vertical span across each element,
o = average elemental horizontal stress,
a = average elemental vertical stress,
xy
= average elemental shearing stress, and
w = element width.
Nodal loads are calculated for all the elements inter-
sected by the new surface (figure 5.31). A summary of the
corresponding loads for each element involved is given in
table 5.1
.
Incremental solution of this problem can be conducted
in two ways. First, if the excavation procedure is known,
several different meshes can be created to represent the
different stages of construction. Second, within each
stage of construction, the surface loads for that particu-
lar stage can be applied in several increments. For this
example only the final stage will be considered and the
loads will be applied in four increments.
Results
The results, in terms of stresses, displacements and
stress directions, are given in figures 5.32 to 5.35 for
the cases of no pier, a pier at the crest, a pier 12 feet
from the toe, and a pier at the toe, respectively.
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Figure 5.32: Vertical, Horizontal, and Shearing Stresses,
Displacements and Stress Direction for
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Figure 5.33: Vertical, Horizontal, and Shearing
Stresses,
Displacements and Stress Direction for
the Final Increment for the Case of a
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this case, it must be recognized that the changes in
shearing stresses are small. When comparing the final
stresses for the case with no pier (figure 5.32) to the
initial stresses (figure 5.26 or 5.29), only minimal
differences can be noticed, and these are limited to a
short distance from the future toe of the slope. A limit-
ing equilibrium analysis gives a factor of safety of 2.35
for the original condition and 1.88 for the case of the
unreinforced cut slope. Likewise, the displacements in
these cases are relatively small (exaggerated by a factor
of 30 in these plots).
A pier at the crest (figure 5.33), installed before
excavation, does little to affect the stress state or the
displacements. This is reflected by a decrease in the
factor of safety to 1.81. This decrease is due to the
piers absorbing the small vertical loads present in that
portion of the slope and preventing an increase in the
normal stresses along the potential failure surfaces.
Because of the existing slope face, relatively small
lateral stresses exist in the original slope as compared
to the previous study of an excavation in clay. The
stress relief is largely vertical. For this reason, and
also because of the close proximity of the foundation
level, lateral movements and increased shear stresses are
small near the piers. Thus, piers at the crest did not
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absorb much stress from the slope. Because of the lack of
soil movement near the crest of the slope even In the
unreinforced case, very little pressure could develop
against the piers. The effect of the tiebacks in this
case was small. To achieve maximum utilization of the
piers they should be placed closer to the point of maximum
displacement in the unreinforced case. This supports the
conclusions of Oakland and Chameau (1984).
Piers placed at 12 feet above the toe were found to
be the most effective in controlling the overall movements
(figure 5.34), especially above the piers. The soil near
the piers is prevented from rebounding fully upon unload-
ing due to the negative skin friction effect of the piers.
This retains part of the initial confinement, adding to
the strength of the soil. Because the support offered by
the pier is dependent on the retention of confinement
rather than reduction of the shearing stresses, their
effectiveness is dependent on the friction angle of the
soil. This mechanism can be demonstrated by monitoring
the elements with reduced modulus ("yielded") for a
variety of cohesion and friction values. For the original
soil model no elements yield under the final loading con-
ditions. If, however, the same stress state is assumed
for weaker soils a bulb of yielded elements would form.
Figure 5.36 shows the effect of a decreasing friction





























where the deviator stresses are highest. Because of the
reduced friction angle, the retention of confining stress
is of decreasing importance and the bulb grows rapidly and
about equally for the cases of no pier and with a pier 12
feet from the toe. The piers have less of an effect as
the soil strength becomes more dominated by its cohesive
component for these loading conditions. The effect of a
decreasing cohesion is shown in figure 5.37. As the
effect of the frictional strength becomes more dominant,
the failure bulb grows from the surface where the confin-
ing pressures are smallest. The retention of the confin-
ing stresses in the case of a slope with a pier tends to
prevent the growth of the failure bulb. The case of a
pier 12 ft. from the toe, while showing the greatest
reduction in displacements and effect on the stress pat-
terns, resulted in only a modest increase in the factor of
safety to 1.93 compared to the 1.88 for the case with no
pier.
The most effective position of the piers, with regard
to stability, was at the toe (figure 5.35). The factor of
safety was 2.25 for this case indicating that a large per-
centage of the original confinement was maintained from
the original stresses at critical portions of the slope.
This position of the piers, however, did little in reduc-


























































Decause of time dependent movement which may occur in
sandy soils, it may be unsafe to depend on the piers to
permanently retain the confinement. The piers in this
case may best be used as a temporary measure, later to
serve as the foundation for a building or retaining wall
which is to be backfilled.
The Use of Drilled Piers for Slope Stabilizat ion
So far three practical applications of the use of
drilled piers for slope stabilization have been investi-
gated: surcharge loading (Oakland and Chameau, 1984),
excavation from a horizontal ground surface and cut slope
stabilization. Several important conclusions regarding
the slope/pier interaction can be drawn.
Of prime importance is that the piers must be posi-
tioned at a point where relatively large displacement will
occur, the magnitude of these displacements determines how
much stress will be mobilized against the pier (i.e., how
much stress the piers will absorb). For the case of the
surcharge load, the maximum displacements were near the
crest, while in the case of the cut slope they were near
the toe. The case of the excavation is complicated by the
fact that the maximum vertical displacements upward were
near the toe, the maximum vertical displacements downward
were near the crest, and the maximum horizontal
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displacements were more widely distributed throughout the
slope.
The direction of the displacement and, thus, the
direction of the stresses on the pier are also to be con-
sidered. It is better to load the piers in axial compres-
sion, taking advantage of their greatest structural
strength. For this reason, the case of surcharge loading
lends itself well to this solution, the maximum displace-
ments at the crest are primarily vertical. The vertical
loads of the surcharge may be directly absorbed by the
vertical support of the piers. This provides the least
opportunity for stresses being transferred to the slope.
The movements are primarily lateral, not downward,
for the case of the excavation from a horizontal ground
surface. Again, the piers can be very effective in
absorbing the stresses and transmitting them to the foun-
dation layers, however, laterally loaded piers are struc-
turally weak and the load must be limited. The strength
of the piers can be improved using tiebacks. The piers in
this case were placed at the crest to take full advantage
of any vertical load, however, the limited mobilization of
horizontal load at this point made them somewhat ineffec-
tive in improving the stability. Better stability could
be achieved by placing the piers lower in the slope, but
analysis (not presented) shows that this results in the
207
lateral shearing strength of the concrete piers to be
exceeded .
The lack of a significant downward vertical or hor-
izontal component of the displacements in the example case
of cut slope stability results in very little reduction of
the stresses for any pier position. The support offered
by the piers becomes very indirect. In this case they
were simply used to increase the frictional component of
the soil strength.
The third important factor to consider in evaluating
the applicability of the piers are the soil properties.
In a purely cohesive material, it is only the reduction of
the driving forces (i.e. stress absorption by the piers)
which has a significant effect on the stability. The
effectiveness of the piers depends directly on the amount
of load transfer to the piers.
The effectiveness of the piers in a soil with a fric-
tional component Is more complicated. Reduction of the
vertical stresses of the slope may have a negative effect
in these cases because confining (normal) stress is also
being relieved from the potential failure surface. Thus,
a major component of the piers supporting action is of no
benefit. The piers can improve the stability by retaining
the vertical component of stress in areas of uplift, as
shown in the example of cut slope stabilization. In
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genera], however, unless the lateral reinforcement proper-
ties of the piers can he used, drilled piers may not he on
optimal solution to stability problems in frictional
soils.
In summary, the best applications of the piers seems
to be in purely cohesive materials under loading condi-
tions which can be absorbed by the vertical resistance of
the piers. The second application of the piers would be
to support the slope laterally, however, the structural
requirements of the piers may increase more rapidly than
the benefit which they provide.
The next chapter will study the problem of supporting
a slope under increasing self weight. While this applica-
tion has no direct physical parallel, it is believed to
assess the general stability of a slope and yield insight
into the stabilizing effects of the drilled piers.
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CHAPTER 6: PARAMETRIC STUDIES USING SELF-WEIGHT
Introduction
Drilled piers increase slope stability by two general
modes. First, dowel resistance is added to the failure
plane. The piers absorb stress and transfer it to the
more stable rock layers below. Second, the presence of
the piers changes the stress patterns in the soil. The
effect of this may range from adding confinement and
increasing the soil strength to inducing a change in the
failure surface which requires a higher driving force to
rupture .
Piers absorb stresses in two ways. The piers resist
the lateral forces in the soil, reducing the driving
forces along the failure plane directly. This case has
been reviewed by Hassiotis (1984) and incorporated in the
stability analysis by adding a term equal to the force
against the pier to the resisting forces in the numerator
of the factor of safety equation. The piers also transfer
some of the weight of the soil mass above the failure sur-
face to the layers below (Broms, 1981). This action is
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equivalent to negative skin friction against the piers,
and indirectly reduces the driving forces along the
failure plane
.
The shearing resistance through the soil along the
failure surface can be improved by changing the stress
patterns. The piers disrupt the natural circular dis-
placement and strain patterns which develop in an unrein-
forced slope. The direction of the principal stresses
becomes more random and noncircular, no longer complement-
ing the potential failure surfaces. These potential
failure surfaces are now forced to shear the soil along
planes other than that of the maximum shearing stress.
The shape of the failure surface is important in
another respect. An unreinforced slope may allow a deep
seated slide involving a large volume of material. A
slope reinforced by a pier tends to force the failure sur-
face to exit before the pier row. This reduces the volume




Traditionally, in geotechnical engineering, the fac-
tor of safety is defined as the ratio of strength avail-
able to strength utilized (resisting forces over driving
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forces). In some cases, this is a difficult value to
evaluate. For example in the case of a pier used to sta-
bilize a slope, it would involve establishing a potential
failure surface. Between the piers this could be done by
using circular or log spiral surfaces. At the piers, how-
ever, the surface is complicated by soil movements around
the piers. It would be difficult to evaluate the factor
of safety over this entire surface. It may be acceptable
to introduce a corrective term into the factor of safety
equation for some surface between the piers to account for
the added resistance of the soil moving around the piers
(Hassiotis, 1984). However, this will not account for the
effect that the piers have on the surrounding stress
fields and may not be a very good approximation for com-
plex cases involving vertical support.
A simpler evaluation of stability may be accomplished
by using loads. Defining the stability as the ratio of
ultimate load to working (service) load is more easily
evaluated and is more physically meaningful. To evaluate
the stability in this manner, a factor of safety along a
potential failure surface is computed. This is the tradi-
tional factor of safety evaluated using working loads to
define the initial stress state. The loads are propor-
tionally increased until a factor of safety of unity is
reached. The stability is evaluated as the ratio of the
load which causes failure (i.e. factor of safety of unity)
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over the working load. Throughout this chapter, stability
defined in this manner will be referred to a the "secu-
rity". This definition of stability depends on the energy
which is absorbed by the piers. The ratio of the security
of a slope with a pier to that of a slope without a pier
is related to this energy and will be referred to as the
"efficiency" of the system.
Consider the simple example of a slope made of a
frictionless and weightless material. In a first step,
gravity turn-on is used to bring the stresses to their
initial condition. The initial shearing stress, and so
the factor of safety, are functions of the unit weight of
the soil. For the case of no pier the factor of safety is
simply inversely proportional to the unit weight of the
soil. Since there are no other factor involved, the secu-
rity is equal to the initial factor of safety. This is
shown in figure 6.1. If it were possible to place the
piers in the slope while the soil is still weightless, and
then turn the gravity on, a similar line, with a higher
factor of safety and security could be drawn. The failure
surface of this second case would be different from that
of the first. When a pier is added to a slope, it changes
the geometry and boundary conditions of the problem creat-
ing a new stress pattern which is overlain onto the ini-
tial stress pattern. Initially, before any soil movement,













stresses which existed along a potential failure surface
will still exist. Therefore, for the case of a pier rein-
forcing a slope with initial stresses, the initial factor
of safety will be the same as the factor of safety for the
case of no pier (figure 6.1). Until the pier begins to
absorb some stress, either by creep movement or further
loading, the piers will not absorb any loads. The most
probable failure surface, in the plane between the piers,
and factor of safety along that surface will also be the
same as that of the case with no pier. As the loading
progresses, the new stress pattern may not significantly
increase the stresses along the original most probable
surface due to the presence of the piers. As the overlain
pattern becomes increasingly dominant, new surfaces become
critical. The cases of no pier and a pier installed under
conditions of zero gravity represent single stress rela-
tionships. These lines form boundaries which the real
case can not exceed. The real case is shown by a line
spanning these two limits. The solid portion of the curve
represents a failure surface similar to that with no pier
and the dashed portion represents a surface close to that
of the fictional upper boundary case.
An added feature of defining the stability of the
slope in terms of security rather than the traditional
factor of safety is that the security is directly propor-
tional to the loading. Often the decrease in the stress
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factor of safety is not proportional to the increase in
load. However, by computing the security directly in
terms of loads, its value is easy to interpret.
In order to establish the security, a factor of
safety is calculated as the ratio of strength available to
strength utilized along some failure surface without
correcting for the effect of the pier. The true factor of
safety of the system reinforced by a pier, if it could be
evaluated, would be greater than this value along the line
of symmetry between the piers. If it is assumed that this
plane represents the critical support of the slope, all
that is required is the load at which the factor of safety
falls below unity. It must be assumed that the soil will
begin to flow around the pier before the soil along the
failure surface shears. Therefore, near failure, the
lateral resistance utilized by the pier is equal to the
ultimate resistance which can be provided by the piers
(similar to the limiting equilibrium approach of Hassiotis
(1984)), however, the piers can continue to offer vertical
support which reduce the rate of loading to the remainder
of the slope. Being above or below unity is then only a
function of the stresses along the failure surface which
can easily be evaluated from the output of the finite ele-
ment program. The stability defined in this manner will
be conservative. Even if it is not the soil around the
piers which fails first, this can be considered added
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strength which would increase the real factor of safety
and thus the security. Furthermore, it should be the
intent that the piers help the slope stabilize itself, and
not support it by dowel action alone. If the piers were
the only remaining support, the piers might shear, result-
ing in a rapid, potentially more hazardous slide.
Variables
The parametric studies presented in this chapter
investigate the influence of four groups of variables or
characteristics of the pier-slope problem on the stability
of the slope:
1) Pier variables (spacing, position, size, stiffness)
2) Slope geometry and soil parameters
3) Weak soil layers
4) Loading variables
The number of these parametric studies cover a wide
range of the selected variables and can allow predictions
to be made for other cases which may arise.
Pier Variables
The first category to be studied are the pier vari-
ables. These are the design parameters. Oakland and
Chameau (1984) studied these variables for the case of a
217
surcharge loading with emphasis on the effect on slope
surface displacements.
The basic problem to be solved is shown in figure
6.2. The capabilities of the computer program to solve
large size problems was established in the previous
chapter and, thus, the dimensions of this problem are
relatively small to limit the computing time and keep the
amount of output data to a manageable volume. The soil is
first considered frictionless and linear elastic. The
first of these assumptions allows for an easy evaluation
of the factor of safety since the resisting forces will
not change with the load. Although restrictive, the
second assumption is sufficient to study the trends useful
in design. More realistic soil models will be introduced
later (see also Chapter 5 for general cases).
As indicated earlier, the loading pattern is gen-
erated by increasing the self weight uniformly. The fac-
tor of safety is first computed for the case of no pier as
a function of self weight. This results in the "no pier"
curve in figure 6.3, which will serve as a datum to evalu-
ate the effect of the piers.
The technique of increasing self weight has been used
in several previous studies of vertical slope stability





































































































Effect of Pier Spacing
Figure 6.3 shows the factor of safety analysis for
several pier spacings. The factors of safety were
obtained from the output of the F.E. program (see Chapter
4) in the plane located at the centerline between the
piers. The solid portion of the line indicates that the
most probable failure surface extends beyond the piers and
the dashed portion indicates that the failure surface was
shallow and exited before the line of piers. The point of
transition between these two curves is significant in
several respects. It is the intersection between two
curves, one forcing the failure surface in front of the
line of piers and one forcing the failure surface to exit
beyond the line of piers. This is idealized in figure
6.4. If this intersection falls above a factor of safety
of unity, then the slide will be restricted to a shallow
failure. If, on the other hand, this point falls below
unity the slide will be deeper and larger, involving part
of the surface above the crest. This point is also impor-
tant with regard to stress patterns. A deep seated slide,
for this example, represents a failure surface which is
strongly dominated by the initial stress pattern. Addi-
tional loading with a pier in place overlays a new stress
pattern. This new stress pattern tends to develop a most
probable failure surface which exits before the line of













































when the new stress pattern becomes dominant. Figure 6.5
shows a plot of pier spacing versus transitional load.
With the piers widely spaced the transition occurs at a
relatively small increase in load. This indicates that a
very small percentage of the additional load is being
absorbed by the piers. When the piers are more closely
spaced a significant increase in load is required to make
the transition occur. This means that the piers are
absorbing most of the additional load. It can be seen
that the curve in figure 6.5 becomes steeper for the
closer spacings indicating improved arching action of the
soil for smaller clear spans between piers.
Finally, the overall stability as measured by the
security against increase in self weight versus pier spac-
ing is shown in figure 6.6.
Effect of Pier Position
The general stability of a slope can be increased by
decreasing the possibility that any slide will occur (i.e.
by increasing the overall security), or by limiting the
amount of material involved in the event of a slide (i.e.
by increasing the security against a deep-seated slide).
The position of the row of piers within the slope has a
large influence on both the overall security and the secu-

































































The factor of safety is given in figure 6.7 for three
pier positions, 10, 15 and 25 feet from the toe of the
slope as a function of self weight. The factor of safety
depends, in part, on when the failure surface changes from
exiting beyond the pier to that of exiting before the
pier. If it becomes ki nemat i ca 1 ly more difficult for the
latter surface to form, then the overall factor of safety
would be increased. One method of accomplishing this
would be to move the pier farther down the slope. This
creates a greater difference between the original failure
surface which exits beyond the crest of the slope and the
critical failure surface at a factor of safety of unity.
The greater this difference, the higher the stability for
a particular slope. There is a point when the piers are
so close to the toe of the slope that a failure in front
of the pier row will never occur. A pier row 10 feet from
the toe is close to this limiting case.
Although a pier at 10 feet from the toe provides the
best overall security because it does not allow a failure
in front of the pier row, it may not provide enough pro-
tection against a deep seated slide. Deep-seated slides
are analyzed by "forcing" the failure surface to extend
beyond the crest of the slope. A row of piers at 15 feet
from the toe, although allowing a lower overall factor of
safety for a minor failure in front of the piers, is more












































row of piers. There is a trade off between overall secu-
rity and security against deep-seated slides (figure 6.8).
As the distance of the piers from the toe of the slope
increases, the security against deep seated failures
increase, while the overall security decreases.
In summary, the piers' position has a complicated
effect on the slope stability. There are three important
factors to consider. First, as the piers move down the
slope, the likelihood of a failure surfacing before the
pier will diminish, but support against a deep seated
slide may decrease. Second, as the piers move down the
slope, their vertical support of additional overburden
loads will decrease due to the primary direction of load-
ing changing to a horizontal direction. Third, by the
same token the improved effect on stability will result
from the piers utilizing more of the horizontal load capa-
city. The relative effects of each of these factors must
be considered in the design.
Effect of Pier Size
Similar to pier spacing, the pier size regulates the
clear spacing between piers and influence the stability of
the slope. In this respect it might be expected that the
effects of the piers will be similar to those shown in
figure 6.3. Figure 6.9 shows the results of varying the
size of the piers with respect to the factor of safety and
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loading. There is a difference between the patterns of
the curves for these two cases (comparing figures 6.3 and
6.9). This indicates that other factors in addition to
the clear spacing control the mechanism of stress absorp-
tion to the piers. A "backbone" curve is obtained for
factors of safety corresponding to failure surfaces
extending beyond the row of piers. The individual curve
for each of the different pier diameters branches downward
when the transition point is reached. This "backbone"
curve indicates that the pier size does not have a signi-
ficant effect on the security against a deep seated slide
in this case. Figure 6.10 shows how the primary direction
of movement is generally horizontal for deep seated slides
and vertical for shallow slides. Since it is the shallow
slides which are controlled by the pier size, then it can
be assumed that it is the increasing surface area which is
absorbing the load in these cases.
Figure 6.11 shows the overall security against
increased soil weight versus pier diameter.
Effect of Pier Stiffness
The range of possible stiffnesses which can be used
in practice has a negligible effect on the factor of
safety. There is a slight effect on displacements with








Figure 6.10 Direction of Movement for Deep
and Shallow Slides
























Slope Geometry and Soil Parameters
The purpose of studying the effects of the slope
geometry and soil parameters is to establish the cir-
cumstances for which drilled piers are most advantageous.
The geometric parameters include slope height, foundation
depth and slope angle as the major variables. The cohe-
sion, friction angle, modulus of elasticity and Poisson's
ratio are the most important soil parameters.
In the previous section, the basic slope-pier rela-
tionships were studied by changing the pier. In this sec-
tion the opposite viewpoint will be used. The slope con-
ditions will be varied while the pier characteristics will
be kept constant. Comparisons between cases becomes a
little more complex because of a lack of a single refer-
ence point, i.e. the stability of the case with no pier,
as was used in the previous section. As the slope varies,
the stability without a pier varies also. For this reason
it becomes important to compare the results in terms of
relative improvement of the stability using the "effi-
ciency" as defined previously.
A larger variety of more complex problems will be
used to study the effect of the geometric and soil vari-
ables. The basic slope configuration is given in figure




















































































Effect of Slope Angle
Modelling different slopes using the same pier can
give insight as to when the piers are most applicable as
reinforcement. For the case given above, the slope incli-
nation is varied from 1:1 to 1:4. This has a complex
effect on the direction of the loads which are transferred
to the piers. The calculation of the factor of safety is
further complicated by the fact that the shape and length
of the failure surfaces for each case are very different.
Figure 6.13 shows the results obtained from the slope in
figure 6.12 under conditions of self loading. The most
striking feature of these curves is that while the cases
of different slopes with no piers maintain the same shape,
the cases with piers vary in shape. This is very notice-
able in the steeper slopes. This variation is due to
changing the stress field from one which has little resis-
tance to failure before the pier to one which is less
likely to fail before the pier. This variation is most
likely due to the steepening direction of slope movement,
however, the abruptness of the change with slope angle is
difficult to explain.
Figure 6.14 shows the relationship for this case
between security and slope angle. In general, the piers

























































significant support in all cases. The efficiency of the
piers does not increase significantly for slopes between
1:2 and 1:3. This again indicates a change in the mode of
failure within this range of inclinations.
Effect of Depth to Bedrock
The depth to bedrock is an important factor in calcu-
lating the factor of safety, especially from the results
of a finite element program such as is used in this study.
In limiting equilibrium calculations, the depth to bedrock
is important because it limits the extent of the failure
surfaces. When computing the stresses and displacements
in the finite element code, the bedrock is a boundary lim-
iting both shear stresses and displacements.
Figure 6.15 shows the results of varying the depth to
bedrock while keeping the other parameters given in figure
6.12 constant. In this example none of the surfaces
reached the bedrock level, thus the bedrock did not limit
the extent of the potential failure surfaces. A signifi-
cant boundary effect did influence the stresses. For the
cases involving no pier, when the foundation depth was 10
feet, there was a significant increase in the factor of
safety. A foundation at 20 feet below the surface has no
apparent effect on the stresses along the failure surface
since its factor of safety curve is the same as the curve






































the foundation depth has an even more profound effect. In
these cases, the curve representing the 20 foot depth
quickly becomes asymptotic to the 10 foot curve indicating
that a strong boundary effect is reducing the failure sur-
face. Even at a depth of 30 feet, the boundary still has
an effect on the failure surface shearing stresses as this
curve is also convergent to the other two curves.
Figure 6.16 summarizes the securitys for this exam-
ple. While the piers are highly efficient in all cases,
the most effective situation is one where the boundary has
little effect on the original slope, but becomes very
important when a row of piers is added. This is an exam-
ple of redirecting the stress field to actually increase
the stability while also gaining stability through the
effect of the piers. This occurs the case for the shal-
1 ower depths .
It must be noted that only failure surfaces initiat-
ing from the toe where considered. Deeper failure sur-
faces initiating in front of the toe may have produced
results more dependent on the depth to bedrock.
Soil Variables
Effect of Cohesion
In a linear elastic problem, the cohesion does not
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the cohesion simply vary the numerator in the factor of
safety calculations. The results of varying the cohesion
are shown in figure 6.17. The efficiency is a constant
for all cases.
Effect of Friction Angle
The effect of the frictional properties of the soil
are primarily influenced by the confining pressure. For
the case of a slope of purely frictional material, the
confining pressure increases directly with the unit weight
of the soil, thus the factor of safety is not influenced
by the soil unit weight. The factor of safety is only a
function of the friction angle and the slope angle in this
case. In figure 6.18 the shape of the curves is a func-
tion of the cohesion. As the friction angle is increased,
the relationship between the factor of safety and the load
is proportionally increased. The curves become asymptotic
to the ratio of the tangent of the friction angle over the
tangent of the slope angle.
Piers used to reinforce slopes have a sharp reduction
in efficiency with increasing friction angle. At some
point, the piers may actually reduce the stability of the
slopes. The reason for this decrease in effectiveness is
the absorption of vertical loads by the piers which
prevents the confining pressures from increasing at the





















































































trying to stabilize frictional materials with discontinu-
ously spaced piers is that, for the soil arching effect to
be maintained between the piers, the material within the
arch must be in tension. Since frictional materials do
not display much tensile strength, the soil will tend to
"run" through the piers.
Piers used to stabilize material containing some com-
ponent of friction should be placed such that they do not
hinder the development of confinement on potential failure
surfaces. This would indicate placing them in the lower
portion for the slope. Piers used to support this type of
material may also have application to cases of lateral and
upward movement, such as an excavation, where the piers
may actually retain some of the confinement.
Effect of the Modulus of Elasticity and Hyperbolic Soil
Model
In the linear elastic case, the modulus value has
little effect on the stability. Figure 6.19 shows the
effect of using a non-linear elastic, soil model instead of
a linear elastic model. The parameters used where the
same as used in the example in Chapter 5, K = 47.2, n =
0.5 and R = 1.0. A limiting value of 10% of the initial
modulus was used as a lower bound. The factors of safety
resulting from the finite element stress field are some-




































This is due to the fact that because of the higher confin-
ing pressures at these depths, the soil will be more
deformable at greater depths. This creates the situation
of a more rigid soil moving on top of a softer foundation.
This alters the stress field, allowing the transition from
a deep seated slide to a shallower slide to occur at a
lower increment of load. The trend, however, reverses
itself at very high levels of load, forcing the failure
surface again into a deep seated mode. The factor of
safety decreases rapidly at this point and eventually goes
below that of the case with no pier.
These trends as well as the altered shape of the
curve are very difficult to explain due to the complicat-
ing effect of the variable modulus on the stress field.
In general, however, the curves tend to be similar, espe-
cially in the area around a factor of safety of unity.
While more examples would be necessary to establish the
effect of non-linearity, this example seems to indicate
that the use of linear elastic modelling may be a suitable
approximation in some cases. However, it should be under-
stood that the use of linear elastic modelling yields
unconservat i ve results.
Weak Soil Layers
To model the effects of thin layers, the finite
dimension slip elements developed by Desai, et al , (Desai
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and Sargand, 1984; Desai and Llghtener, 1985) are used.
These elements, as described previously, have the advan-
tage of having the same formulation as the typical soil
elements. It is thus possible to assign soil parameters
to the thin layers modelled by these elements. Two param-
eters, the shearing modulus and the cohesion of the layers
are likely to have an effect on the factor of safety.
The finite dimension slip elements can be used to
represent a thin layer of soil around the pier which has
been disturbed by the drilling operation. This distur-
bance is modelled as a reduced modulus of elasticity.
Using a reduced modulus of elasticity in a shell of ele-
ments four inches thick had a negligible effect on the
factor of safety analysis. Negligible effect was found
over a variety of reduced moduli up to a modulus reduction
factor of 4.0. The limited width may restrict movement
beyond the sensitivity of the study.
A lower modulus of elasticity may also be accompanied
by a lower cohesion in the thin layer of elements around
the pier. This again has a negligible effect on the fac-
tor of safety since only a very small portion of the
failure extends through this weaker material.
The slip elements can also be used to model a weak
seam within the soil mass. A case where a four inch weak
seam is present along the soil/bedrock interface is tested
249
as an example. Similar to the case of using slip elements
to model disturbed areas around the pier, lowering the
modulus of elasticity has a negligible effect on the fac-
tor of safety. Again, this is due to the thinness of the
layer. Figure 6.20 shows the results of decreasing both
the modulus of elasticity and the cohesion of the material
in the weak. seam. This reduction in cohesion will not
affect the factor of safety calculations unless the most
probable failure surface extends through this material.
For the case with no pier, the weak seam is not a
factor until its cohesion is less than one fourth that of
the soil in the slope. Above this value, the most prob-
able failure surface does not extend into the weak
material. Even at a cohesion of one fourth that of the
soil, the failure surface only extends a short distance in
the weak material, causing only a small decrease in the
factor of safety. Some of the decrease in the factor of
safety is offset by the fact that the rest of the failure
surface must follow a path which is kinemat i ca 1 ly more
difficult than the path which would have been followed if
no weak seam had been present.
The results are similar for the case of stabilizing
piers added to the slope. Again, it is only when a cohe-
sion reduction factor of four is used that the failure





















































case the reduction in the factor of safety is negligible.
However, similar to the case of foundation depth, only
failures initiating at the toe have been considered and
deeper surfaces initiating before the toe may have a more
profound effect.
Some effect on the variation of the cohesion reduc-
tion factor used is noticeable in the transition point
between deep and shallow failures. When using a modulus
reduction factor of four in the weak seam, the transition
from a deep seated slide to a shallow slide is at a load
of 430 pcf. These results are consistent with those from
the effect of the hyperbolic soil model. The use of the
hyperbolic model reduced the modulus of elasticity with




Surcharge at the crest of the slope was the main
loading condition in the study by Oakland and Chameau
(1982). One of the primary conclusions was that the piers
should be placed as close as possible to the loading. This
indicates placing them at the crest of the slope. This
enables the piers to absorb the load before it is
transmitted through the slope.
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The case of self-weight loading, studied in this
chapter, does not have the benefit of a finite loading
area. In this case, it is not merely a matter of provid-
ing a barrier. The piers also act to absorb a substantial
percentage of the additional vertical load. In this case
there is a trade-off between the security against a shal-
low slide and a deep seated slide.
The application of a self loading scheme is to study
the overall stability of cohesive slopes. Since there is
a direct correlation between the conventional factor of
safety and the security of an unreinforced slope under
this loading condition, it is likely that a similar corre-
lation exists for the reinforced slopes. The use of self
weight also yields a generic case under which the effect
of the piers can be studied. It is assumed that many of
the principles displayed under these conditions will also
be present (perhaps in a more subtle manner) for other
loading conditions.
While parametric studies were not conducted in the
case of an excavated or cut slope, a detailed example was
presented in Chapter 5. This is a combination of the two
previous cases. The loading is finite and restricted to
the surface of the final slope, but, for cases where the
pier is not at the crest, the load will be present on both
sides of the pier so that a single optimum position may
2S3
not be possible. Similar to the case of self weight, a
trade off between security, displacement control and
potential failure size is present.
Summary
While only a limited number of examples were feasible
to support this portion of the study and many of the vari-
ables could not be tested directly, conclusions on the
stabilizing effect on the slope of the drilled piers are
possible. These basic relationships are given in the fol-
lowing chapter. Using these general cases as a foundation
to build upon, it is now possible to pursue the behavior
of slopes under this complex boundary conditions on an
individual level using specific slope geometries, soil
parameters and loading conditions. Comparisons between to
model and actual situations must be made to confirm these
f indings
.
Guildlines for the Use of Drilled Piers
In general, under these generic conditions of self
weight loading, the stability increases with increasing
pier size and stiffness and decreasing pier spacing. The
effect of pier position is complicated by a changing
failure mode. Piers near the crest largely support vertical
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loads, reducing the driving forces in the slope and
guarding against deep seated slides. However, piers at
this position may not adequately protect against shallow
slides exiting before the pier row. Piers lower in the
slope must sustain larger lateral loads, increasing the
shearing resistance, and while providing better overall
protection by preventing the less hazardous shallow
slides, only marginally improve the stability against deep
seated slides.
The performance of the piers in improving the slope
stability is unconditionally favorable in frictionless
materials. Both vertical and lateral support of the piers
add to the stability. Caution is necessary when using the
piers in materials containing a frictional component.
While the lateral support improves the stability, vertical
support may reduce the confining pressure along potential
failure surfaces and reduce the resisting strength in the
slope. Piers in these materials must be used lower in the
slope the avoid possible lowering the stability.
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CHAPTER 7: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary o f Work
The work, accomplished in this study can be divided
into two parts: modelling developments and typical
analyzes. The modelling was accomplished through the
development of the three dimensional finite element pro-
gram "SPILES". Analysis of the stability of slopes with
and without piers was performed by adapting a limiting
equilibrium routine utilizing finite element stresses. A
number of cases were tested to show the potential of the
technique and help improve the understanding of the
interaction between the piers and the slope.
Modelling Developments
The models of the slopes were created by mesh genera-
tors developed for this project. The generators are very
specific to reduce the number of input parameters. How-
ever, by using several different generators, a wide
variety of practical problems can be simulated. The gen-
erators utilize three dimensional isometric graphics for
rapid visual inspection of the models.
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The simulation of the slope's performance under load-
ing was achieved through the three dimensional finite ele-
ment program "SPILES". This program was specifically
developed for this project to efficiently model static
soil/structure interaction. The program develops a model
for the relatively soft soil and stiff structure indepen-
dently, balancing the forces and displacements transmitted
between the two .
A three dimensional para llelepipedal block element
with variable midside nodes has been developed following
the approach outlined by Cook (1981) for the equivalent
two dimensional element. The midside nodes offers the
advantages of being able to model curved surfaces, to sub-
divide the mesh, and to provide better strain characteris-
tics in critical areas. The advantage of using this vari-
able node format instead of the conventional condensation
of degrees of freedom is to minimize the matrix opera-
tions. The nodes which are not used are not carried
though the calculations. For most elements, only the
basic eight corner nodes are used reducing the matrix mul-
tiplications to build each element stiffness array by
almost eight times.
A rotating, block by block, matrix solving routine
has been developed for the program "SPILES". In typical
block by block solving operations, 2 blocks must be held
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in core at any given time. By rotating the lines in a
block as it is being solved, only one block needs to be In
core. To accomplish this, new lines are added to the top
of the existing block, replacing already solved lines,
instead of continuing downward into a new block.
The program incorporates an option to self establish
the initial stress field in a generic manner. This generic
manner is based entirely on the soil properties and grav-
ity, it does not involve the history of the slope. This
option is provided as an alternative if no other better
information on the initial stresses is available. Initial
stresses established by other means can be input into the
model di re ct ly
.
The program "SPILES" was developed as a practically
oriented modelling tool. While able to model a wide
variety of construction situations, the input necessary
has been reduced to a minimum. The material s t ress -s t rai
n
characteristics, which require the bulk of the parameters
not self generated, can be obtained through standard test-
ing procedures or correlations published in the litera-
ture.
The loading simulations have been simplified into
three basic realms. The case of loading by increased self
weight can be used to evaluate the general stability of a
slope. The piers can be used as a corrective measure
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against complete slope failure. Two other cases involve
slope modification. The first is the case of a surcharge
loading at the crest of the slope and the second is the
case of an excavation, either from a horizontal ground
surface or the steepening of a slope face. The piers in
cases of slope modifications are installed as a retaining
structure in advance of construction.
Finally, a post-processing limiting equilibrium pro-
gram, "LOGFIND", was developed to convert the stress
fields into a factor of safety. This program computes the
ratio of soil strength to stress along potential circular
or logspiral failure surfaces. A grid pattern of the cir-
cular or logspiral centers is used to form a searching
routine to locate the most likely failure surfaces. The
routine is also able to search for block type surfaces
sliding along a weak seam in the soil profile.
The limiting equilibrium analysis program "LOGFIND"
establishes a factor of safety similar to that obtained
from commonly used slope stability programs. By utilizing
the stress output from the finite element models, however,
factors such as constitutive relations, construction
sequences, and the effects of the drilled piers are
included. A security factor can be established as a func-
tion of individual variables of the slope such as the unit
weight of the soil, slope height, etc. The security is
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defined as the allowable value of a variable (i.e. at a
factor of safety of unity) divided by its normal value
(i.e. working load). There are several advantages to
defining the stability in this manner. First, this value
has a linear relationship with the actual stability of the
slope (i.e. a security of 4 indicates a slope twice as
safe as a slope with a security of 2). Second, since a
variability can be assigned to each of the variables used
to establish securities, the securities can be used
directly to estimate the stability in probabilistic terms.
Third, the use of securities simplifies the analysis in
complex situations, such as the use of piers to stabilize
slopes, where the failure surface may have a complex shape
as the soil shears around the piers. To assess the
strength and stress fields over this complex surface would
be difficult. By using the security, it only requires the
load at which some critical surface fails. It can be
assumed that the remainder of the complex surface has
already failed. Even if it has not, the value remains
conservat i ve .
Typical Analyzes
Three general cases of drilled piers used to stabil-
ize slopes have been explored. The case of added rein-
forcement for a slope which is to have a surcharge placed
above its crest was studied by Oakland and Chameau (1984)
260
This paper was reviewed in this study. Drilled piers used
to support an excavated slope and to confine a cut slope
were used as specific examples in Chapter 5 of this study.
Drilled piers used to support a slope under self weight
was the subject of a parametric study in chapter 6.
There are several general conclusions concerning all
three of these cases. The piers, even though not forming
a continuous barrier, do effectively control lateral dis-
placements and stress transfer. The arching action which
occurs between the piers spans the clear spacing between
the piers to act as a wall. The piers absorb induced soil
stresses due to additional loading, transferring them
directly to the more stable layers in the foundation.
These stresses consist of lateral and vertical components.
The ratio of these to components depends largely on the
pier position and can have a great effect on the effec-
tiveness of the piers. The piers also affect the induced
stress patterns. The typical stress patterns in an
unreinforced slope are circular in nature, conforming
favorably to the formation of circular failure surfaces.
The presence of the piers alters these pattern to a more
random pattern. In order for a circular failure surface
to form in this case, it would have to shear elements
along planes other than the plane of maximum shear stress.
More energy is required to form the latter surface.
2b 1
Conclusions
A number of specific conclusions can be made from
this study concerning the effect of drilled piers on the
stabilization of slopes. These conclusions are drawn from
three areas. First, several observations can be made from
the limited number of case studies reviewed in the litera-
ture. Second, remarks can be made concerning the general
behavior of the piers based on the numerical modelling of
their use as stabilizing members. Finally, specific con-
clusions regarding the effect of the piers on the slope
behavior can also be drawn from the analyzes performed in
this study .
Observations From Case Studies
1) The piers are able to support small slopes
with limited vertical relief very well, but they
may not be able to develop adequate socketing
strength to support large slides.
2) Although the piers work well as "dowels", pinning
the failure surface and acting primarily as
lateral supports, placing the piers near the
top of the slope to support both vertical and
lateral forces allows the piers to also
utilize their greater axial capacity.
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3) Pier top restraints, such as slab caps and tie-
backs, can be used to ease the structural demands
on the piers.
4) Large diameter piers seem to be able to control
slope movement better than small diameter piers.
Forces on the piers
1) Socketing the piers provides additional stability
improvement, but drastically increases the bending
moments in the piers. As mentioned above, the addition
of top restraints can alleviate some of these added
stresses in the piers.
2) Increasing soil strength and stiffness with depth
reduces the bending moments in the piers.
3) If t li e piers are placed near the upper boundary of
the sliding mass, the lateral loads against the
piers are reduced, however, the vertical loads absorbed
by the piers are increased. While this can
reduce the structural demands on the piers, the
loss of additional confinement may reduce
the overall security in frictional soils.
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Effect of the Piers on the Slope
1) Drilled piers do improve the stahility of
cohesive slopes under a large number of
conditions. Drilled piers must be used
with caution when supporting slopes made
of frictional materials. The vertical
support which the piers provide may decrease
the normal (confining) stress along
potential failure surfaces below the pier.




b) Increased diameter, and
c) Increased pier stiffness (movements
are controlled to a greater extent
by this variable )
.
3) The stiffness of small diameter piers was
found to be an extremely important variable
in controlling movements by Rowe and Poulos
(1979). They noticed that stability
improved very little with stiffness.
The present study found that the very
high stiffnesses associated with large
diameter piers in soft soils was not a
significant factor.
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A) The position of the drilled pier plays a
large role in the stability. Piers towards
the crest of the slope tend to absorb more
vertical stresses and improve the stability
against a deep seated slide. These piers
do little to improve the stability against
a shallow slide in front of the pier row.
Piers closer to the toe of the slope
absorb more horizontal loads while sharply
decreasing the possibility of a shallow slide
in front of the pier row and improve the deep
seated stability only to a limited extent.
5) Piers are more effective in gentler slopes,
at least for the cases studied, with the pier
located halfway up the slope face.
6) The depth of the foundation level becomes an
important factor in slopes reinforced by piers.
The piers tend to redistribute the stress field
over a larger area. Stress may be absorbed by the
bedrock further stabilizing the slope.
7) The studies using nonlinear soil model show
that the choice of the model may have a significant
effect on the assessment of the overall
stability of the reinforced slope. The differences
between the linear and nonlinear cases were
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not restricted to the magnitude of the
displacement and stress fields, but have
some effect on the mode of the failure.
In the case tested, this involved the
transition from a deep surface to a shallow
one, then unexpectedly back to a deep surface
as loading progressed.
8) The effect of a disturbed area around
the piers was found negligible for
the case studied.
9) A weak soil layer will have an effect on
the shape and depth of the failure surface
as well as the factor of safety only if
it is within range of potential failure
surfaces. The closer the weak seam
is to the level of the failure surface
for a case without weak seam, the
greater its effect will be.
Relationship to Work by Hassiotis ( 1984)
The work done by Hassiotis (1984) determined the
pressure distribution against the piers and used the
resulting forces in a limiting equilibrium analysis of the
slope. The strength of this approach is that the method
used to determine the pressure distribution against the
266
piers has been developed exclusively for this purpose,
based on elastic-plastic theory, and has been shown to
give good results in model tests (Matsui, et al . , 1982).
The finite element method provided two additional
approaches to analyzing the problem of drilled piers used
for slope stabilization. 'First, the displacement, stress
and strain fields for the entire soil profile are
represented. Second, the resulting stresses provide and
alternate approach to finding the factor of safety in the
slope. The primary concern is to find the stress distri-
bution in the soil and observe how it is altered by the
presence of the piers. A limiting equilibrium analysis is
then made using these stresses to determine a factor of
safety. This approach has inherent advantages over the
approach taken by Hassiotis because the stress distribu-
tion in the soil is known. However, a disadvantage is
that many assumptions must be made concerning the interac-
tion between the piers and the soil. Assumptions, such as
the gap forming behind the piers, the width and reduced
modulus in the disturbed area around the pier, and the
lack of vertical displacement of the piers, will influence
the pressure distribution on the piers.
The approach used by Hassiotis (1984) and that of
this study differ in their primary interest of concern.
The approach of Hassiotis was dependent on the assessment
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of the ultimate lateral load which the piers could carry,
no concern was given to the changing stress distribution
along the remainder of the failure surface. The approach
used in this study was primarily concerned with the chang-
ing stress pattern in the soil (i.e. along the failure
surface); it was assumed that the soil model will detect
the yielding of the soil elements around the pier as the
ultimate lateral load is reached. Each approach has
strengths in the analysis of the problem of piers used to
stabilize slopes.
The Hassiotis approach should be used to determine the
f ollowing :
1) The lateral loads on the piers to be used for the
structural design of the piers.
2) The factor of safety analysis of simple cases where
piers are to primarily absorb lateral forces.
3) The parametric relations of pier size and spacing
for specific cases of gentle slopes supported
laterally. These factors are influenced by the
lateral load on the piers.
The approach of the present should be used to determine
the following:
1) The deformations, stresses and strains in the soil.
2) The slope factor of safety for cases where the
piers strongly disrupt the soil stress distribution,
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such as cases where vertical loads on the piers
are significant, or cases involving construction
sequences, or cases where an additional
surface load is being applied.
3) The effect of the pier position in the slope
and stiffness of the pier for specific cases.
These factors are influenced by the absorption
of the soil stress by the piers and
by the pressure distributions which are
created in the soil.
Recommendations for Further Work
Work which would be useful in continuing this study
is comprised of confirmation and calibration of the work
already established and expanding the model to explore new
areas and include additional variables.
Some suggestions as to how the existing model could
be verified include:
1) Scale model testing is needed to confirm the
numerical models which have been created.
The use of centrifugal modelling may be
applicable to several aspects of this testing.
2) Monitoring of full scale construction using pressure
transducers on the piers and slope inclinometers
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in the soil are also needed to calibrate the
numerical analyzes.
Physical testing, either through scale models or full
scale construction, will best establish what revisions or
improvements are needed in the existing model. Without
this benefit, however, there are some points of the model
which are worthy of further consideration.
1) More detailed distinction between the effect of the
horizontal and vertical loads on the piers. During
the development of the model little concern was
initially given to the effect of the vertical
support of the piers. During the analysis of the
results, however the trend could only be explained
by the changing modes of vertical and horizontal
loading. Vertical degrees of freedom should be
assigned to the piers to monitor vertical
as well as lateral loading.
2) Throughout this project it has been assumed that
the piers were firmly socketed into the bedrock
to act as cantilevers. This may not be the case
in some situations. Soft bedrock, poor
construction, or high lateral loads may
cause some rotation about the pier end.
Free end rotation (no socketing) has
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been shown to greatly reduce the capabilities of
the piers (Poulos, et al., 1982; Hassiotis, 1984),
The effect of a limited amount of rotation should
also be explored. To accomplish this in the
existing model either the foundation itself would
need to be modelled or an elastic spring added to
the base of the pier.
3) To duplicate the results of physical modelling,
it may be necessary to implement a more complete
soil model. A plasticity model would have the
advantage of providing better estimates of the
stress and displacement fields when loading is
near failure. It may also be able to
estimate pore pressures, and probably
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Append ix : Stabilization o f Surcharge Loading on Slopes
(Edited version of Oakland and Chameau (1984))
Int roduct ion
During the past two decades innovative soil rein-
forcement techniques such as reinforced earth, stone
column, soil anchors and cas t-in-place piles and piers
have been developed to answer many geotechnical problems.
In particular these techniques can provide cost-effective
solutions to many transportation design and construction
problems. Laterally loaded piles and drilled piers have
been used in several occasions to stabilize landslides and
slopes. In Sweden timber piles are used to increase the
slope stability of very soft clays (figure A. la). Large
diameter cas t-in-p lace reinforced concrete piles have been
used in the United States to stabilize active landslide
areas in stiff clays and shales through dowel action (Mer-
riam, 1960; Andrews and Klasell, 1964; Bulley, 1965;
Gould, 1970; Offenberger, 1981). The diameter of the
piles varied between 1.0 and 1.5 meters (figure A. lb) In
Japan 300 mm diameter steel pipes have been used for the
same purpose (Taniguchi, 1967). Other techniques, such as


















and stone columns (figure A. Id), although relatively new
within the United States, have been proven to be quite
effective techniques in Europe for a number of years
(Goughnour and DiMaggio, 1978).
There are two major problems involved in the design
of piers and piles used to correct and stabilize slopes.
The first is to determine the load distribution along the
axis of the pier in order to assess the shear forces and
bending moments the pier has to restrain. The second is
to evaluate the overall stability of the corrected slope.
In this paper existing design methodologies are reviewed
and a finite element based technique is proposed to
analyze slopes stabilized with drilled piers.
Design Methodologies
Although the use of these reinforcing techniques is
becoming more and more common, very little information is
currently available regarding the pier and pile behavior
under lateral loading induced by the movement of the sur-
rounding soil. While literature is available for piles
subjected to lateral loading (Broms, 1972; Davisson, 1970;
Davisson and Gill, 1963; Reese and Cox, 1975; Poulos,
1971), most of it dealt with lateral loading imposed by a
supported structure. Computer programs are currently
available to assess the stability of drilled piers under
such loads (Reese and Allen, 1977). The lateral loads
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developed on a pier by a soil mass undergoing lateral
movement are different from externally applied external
loads from a structure. The major difficulties and
differences are related to the location and distribution
of the loading (lateral loads induced by the soil are
nonuniform and distributed along the axis of the pier) and
to the boundary conditions (head and tip restraints).
Thus, the problem of piles and piers subject to a
soil induced lateral loading is unique and at present has
not received particular attention and treatment. Several
investigators have studied the problem of a single pile
subjected to lateral soil movement, given certain simpli-
fying assumptions with regard to the soil modes, soil-pile
interface and repartition of the lateral loads (DeBeer and
Wallays, 1972; Ito and Matsui, 1975; Ito.et al , 1979 and
1981; Poulos, 1973; and Poulos and Davis, 1980). As an
example, the model proposed by Poulos (1973) uses a finite
difference technique to compute the displacements, shear
forces and bending moments in a pile, assuming the soil to
be elastic-plastic, no shear between pile and soil, and
the distribution of horizontal movement with depth known
from inclinometer data. Ito and Matsui (1975) derived a
theoretical equation to determine the lateral force acting
on piles used to stabilize soil movements. This is done
by discretizing the soil into layers and assuming a Mohr-
Coulomb plastic condition in the soil surrounding the
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piles. Various end conditions can be considered for the
pier tip and top. The computed values of lateral loads
compared well with measured values. Later papers by Ito,
et al. (1979, 1981) considered specific examples where
these piles could be used.
The determination of the shear forces and bending
moments along the axis of the pier is only the first
aspect of the design of drilled-in piers used to increase
slope stability. A second aspect is to make an estimate
of the influence of piles or piers on the factor of safety
against slope failure. A simplified procedure has been
recently proposed to determine the additional resisting
moment caused by the pile (Poulos and Davis, 1980). The
added resistance is generated by the lower portion of the
pile below the critical failure surface and can be
assessed once the pile-soil pressure distribution has been
discussed by Rowe and Poulos (1979), who have employed the
technique for analyzing soil-structure interaction
described by Rowe et al. (1978). The effect of piers upon
slope deformation and stability is also a function of pier
arrangement, pier stiffness and restrain condition as well
as soil stiffness and strength.
Three-Dimens ional Model
A finite element analysis of the stabilization of a
slope should make allowance for soil-pier interaction and
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three-dimensional effects such as arching between piers.
The piers do not form a continuous barrier and soil move-
ment occurs around the piers in the direction parallel to
the slope (figure A. 2). A three-dimensional finite ele-
ment model can adequately model the geometry of the prob-
lems and the effects of piers position, size, spacing and
stiffness on the amount of soil movement and on the sta-
bility of the slope.
Lines of symmetry exist in a slope containing a row
of piers (figure A. 2). Through the centerline of each
pier and perpendicular to the slope is a line where the
soil will not move parallel to the slope. A similar line
exists at the midpoint between piers. The size of the
model is drastically reduced by considering only the part
of the slope between two of these lines. It is then
assumed that the rest of the slope is a repetition of this
part .
Currently, the program uses 8 node, 24 degrees of
freedom, isoparametric parallelepipeds to model the soil
(figure A. 3a). These elements are among the simplest
three-dimensional elements available, modeling geometry
and displacements as linear functions. They are widely
used in soil mechanics because the rectangular shape
adapts itself well to typical slope and foundation prob-



































































elements provide a better model, the number of degrees of
freedom increases so rapidly that computer space is often
a problem. The pier is modeled by 8 node, 4 degree of
freedom parallelepiped spar or bending elements (figure
A. 3b). The 8 node spar elements were chosen to be compa-
tible with the 8 node soil element and to reduce the
amount of computer space needed. The 24 degrees of free-
dom in the soil elements represent displacements in three
dimensions at each corner. The 4 degrees of freedom in
the pier elements represent displacements and rotations at
the ends of the element in the direction perpendicular to
the slope. It is assumed that the piers are incompressi-
ble and will not bend in any other direction. This
assumption is not restrictive because of the high ratio of
pier to soil moduli.
The boundaries of the problem are the two lines of
symmetry which allow soil movement only in the direction
perpendicular to the slope and an underlying rock layer
which does not allow slip. The finite element mesh is
assumed long enough in the direction perpendicular to the
slope so that the end boundaries can be considered fixed.
To simulate the piers being socketted in sedimentary
bedrock, the tip of the pier is also fixed against dis-
placement and rotation.
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Three options are available in the program for the
soil model: (1) linear elastic; (2) hyperbolic Duncan and
Chang model (1970) with nonlinear modulus; and (3) Duncan
and Chang model with both nonlinear modulus and Polsson x s
ratio. The loads are applied in several increments, and
an iteration technique is used within each increment to
estimate th.e pier displacement. The basic operations of
the program are:
1) Calculate principal soil stresses
2) Calculate soil parameters (hyperbolic model)
3) Apply a load increment with the piers held perfectly rigid
4) Generate the soil stiffness matrix and solve for the
soil displacements
5) Determine loads on the rigid pier
6) Generate the pier stiffness matrix and compute
the displacements of the pier
7) Iterate between pier displacements and soil nodal
loads until convergence
8) Next cycle of loading (repeat 1 to 7)
The program is a conventional finite element program
except for the interaction between pier and soil elements
There is a compatibility problem between the sides of the
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soil elements which can only displace linearly and the
pier elements which have cubic displacement functions. To
circumvent this problem the soil and pier elements are
treated separately. Since all of the transformations
between the pier and soil are through the nodes, overlap-
ping or separation of the two meshes will not affect the
results. The stresses in the soil due to a loading incre-
ment are transformed into equivalent nodal loads. These
nodal loads are then applied to the pier as if it were a
cantilever beam in space. The resulting nodal displace-
ments can be related to nodal forces and reapplied to the
soil nodes. An iterative technique is necessary to assure
compatibility of stresses between the soil and the pier.
The rate of convergence of the iterative process is a
function of the initial estimate of the pier displace-
ments. If the difference between this estimate and the
sought solution is too large, the forces on each side of
the pier may be excessively unbalanced and result in large
deflections causing adjacent soil elements to act in ten-
sion. Under these conditions tension and compression will
act on opposite sides of the pier and the pier displace-
ments will keep increasing. An initial estimate of about
one third of the unreinforced slope displacements at the




The three-dimensional computer program described in
the previous section is part of an on-going research pro-
ject on the design of laterally loaded dri lled-in-pier s
for landslide corrections. In its present state the pro-
gram has a lot of deficiencies (to be discussed in a sub-
sequent section) but can nevertheless be used to qualita-
tively assess the effect of drilled piers on slope move-
ment and help give direction for further developments. As
an example, the slope shown in figure A. 2 was analyzed
with the three-dimensional program for a uniform surcharge
applied at the top of the slope. The horizontal and vert-
ical movements induced by this loading condition in a typ-
ical cross-section of the non-stabilized slope (without
piers) are shown in figure A. 4. (Note the different
scales for geometry and displacement in this figure.) The
effectiveness of the piers will be based on reduction of
this movement. Rectangular piers (.90 m x 1.80 m) with a
center to center spacing of 6.0 m are installed at 3.0 m
from the toe of the slope (figure A. 2). The displacements
along the cross-section at the centerline between the
piers are given in figure A. 4. Below the pier (with
respect to the slope), the reduction in slope movement is
very significant, ranging from 60 to 100 percent with an
average reduction of about 70 percent. Above the pier the
































vertical direction. In the region of largest displace-
ments the reduction in movement was less than 40 percent.
As expected the largest movement reduction occurs next to
the pier. The horizontal displacements obtained at 12 m
from the toe are larger for the stabilized slope. This is
due to the proximity of the fixed boundary. Further
parametric studies will be necessary to determine how far
the finite element mesh should extend.
The reduction in shear stress was also determined for
each element along the cross-section between the piers.
The reduction in shear stress was of the order of 80 per-
cent for the elements located below the pier and 30 per-
cent for the elements located above the pier. There is a
very close correlation between the reduction in displace-
ment and the reduction in shear stress.
In this example, the effect of the piers on the
amount of movement is more significant for elements below
than above the pier. This tends to indicate that the most
effective design would require the piers to be near the
top of the slope where the movements are largest for the
case of loading at the top of the slope. The examine the
influence of the position of the piers, two other cases
are considered, one with the piers located at the toe to
the slope, and one with the piers located 6 m from the
toe. The horizontal surface movement at the center line
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between the piers are given in figure A. 5 for these two
cases, together with the movements obtained in the previ-
ous case (piers at 3 m from the toe) and for the non-
stabilized slope. For all three cases of stabilization
the horizontal movements are reduced but the most effi-
cient pier position is near the top of the slope, where
the soil movements are the largest. Broms (1972) found
that for distressed slopes, piers placed near the bottom
were most effective. In his example however, the toe of
the slope was the point of maximum soil movement. The
results of the present study agree with Broms conclusion
that the piers should be placed at the point of maximum
soil movement
.
As the spacing between piers is decreasing, the piers
act more as a continuous barrier and the effect of soil
arching becomes more significant and reduces the soil
movements, especially below the pier. In figure A. 6 the
slope movements computed for a pier spacing of 3.9 m are
compared to the movements obtained in the previous case
(6.0 m center to center spacing). The displacements below
the pier are reduced by about 50 percent, while the reduc-
tion above the piers are not significant. Similar results
were found by Ito and Matsui (1975).
The piers placed near the top of the slope are the
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larger flexibility due to their increased length. How-
ever, previous work by Rowe and Poulos (1979), showed that
the stiffness of the piers has a significant effect on the
soil movement. To evaluate the effect of pier stiffness,
the previous cases were analyzed with completely rigid
piers. Figure A. 7 shows the horizontal surface movements
along the center line between the piers for flexible and
rigid piers at 3 m from the toe. The results from the
other two cases were similar. In the case of rigid piers,
the active pressure condition is not realized on the
downslope face of the pier and the only soil movements
below the pier are due to soil "flowing" around the pier.
Consequently, the reduction in soil movement is more
important for rigid piers than for flexible piers. How-
ever, the forces acting on the rigid piers are signifi-
cantly increased, which may cause problems for the struc-
tural design of the piers. For the case studied, the
effect of pier stiffness is not very significant and more
parametric studies will be needed to define under which
circumstances the stiffness of the piers or its ratio to
the soil stiffness is an important parameter.
Present Limitations and Further Developments
Although the proposed three-dimensional finite ele-
ment program is more general than conventional two-
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assumptions made regarding the boundary conditions, the
geometry of the piers, the soil-pier interface and the
soil mo del.
In the previous example, the nodes along all boun-
daries, except the lines of symmetry, were fixed. The
boundaries limited the size of the problem and forced the
nodes along the slope to displace downward rather than be
pulled back towards the top. This was a good assumption
for the boundary left of the toe because the amount of
deformation was very limited for the elements located in
this area. However, the elements at the upper boundary
were distorted unrea li s t i cal ly as a result of this assump-
tion. To model actual situations, more elements must be
added to the upper portion and the optimum location of the
fixed boundary must be determined or different boundary
conditions (frictional boundary) have to be investigated.
In its present form, the 8 node spar elements used to
model the piers is not sufficient because it limits the
analysis to rectangular or square piers. The results can
only be applied to the more conventional circular piers in
a qualitative manner. Higher order interpolation func-
tions will be introduced in the soil and pier elements to
accommodate curved surfaces and model circular piers.
Relative displacements occur at the interface between
soil and pier and play an important role in the soil-pier
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interaction. The interface behavior will be represented
using slip elements (Desai and Christian, 1977). Three-
dimensional slip elements will be necessary to model the
interface between the soil and the circular piers. The
properties of the slip element depend on the roughness of
the piers and the soil characteristics and can be deter-
mined from interface direct shear tests.
Conclus ion
The effect of piles and piers upon slope deformation
and stability is analyzed with a three-dimensional finite
element program. The loads on the slope are applied
incrementally and an iteration technique is used within
each increment to model the soil-pier interaction. This
technique can evaluate the effects of pier position, size,
spacing and stiffness on the amount of slope movement.
The piers can significantly reduce the movements, espe-
cially below the piers. The maximum pier efficiency is
obtained by placing the piers where the largest movements
are expected. Further improvements of this program are
planned to release some of the assumptions made regarding
the boundary conditions, the geometry of the piers, the
soil-pier interface and the soil model.
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